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ABSTRACT 
Silk is an ancient material that is produced in nature by both silkworms and 
spiders and has been used in textiles for thousands o·f years. Stronger than steel and 
tougher than Kevlar, silk fibers possess a unique combination of strength and elasticity. 
Silk is also biodegradable and biocompatible, and has been the focus of research areas 
ranging from fiber optics to tissue regeneration. While textile applications utilize raw 
silkworm silk, biomedical applications rely primarily on regenerated silk, which is 
derived from silkworm cocoons and reprocessed into the desired material. Additionally, 
there has been much progress in the area of recombinant silk technology, where 
genetically engineered proteins are inspired by or mimic: native silk sequences. However, 
despite major advancements in silk engineering, native silk spinning - a remarkable 
process that takes place at ambient temperature and pressure- is still not completely 
understood. Given these gaps in knowledge, it remains a challenge in the field to 
fabricate a regenerated or recombinant material that can mimic the outstanding 
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properties of native silks. 
We have developed a novel microfluidic silk pmcessing technique that mimics 
aspects of silkworm spinning J transform aqueous silk solution into fibers in a highly 
controlled manner. By altering Jllow parameters within the device and utilizing post-spin 
processing, we can tune proper ies such as fiber diameter and Young's modulus across a 
broad range for tailored appliJ.tions. Unlike alternative processing methods, we can 
fabricate a fiber from as little al so micro-liters of silk solution or spin continuously for 
up to two hours to produce a l on-woven mesh from a single fiber approximately 6.5 
meters long. 
Using this device we hl e fabricated regenerated silk fibers to investigate cell 
behavior, incorporated silk fibers into cell sheets to provide structural support, and 
fabricated non-woven silk mest es for use as structural support layers for multi-layer 
tissue constructs. We have also spun multiple va1riants of recombinant silk-like 
sequences. We have optimized l his device for use as a low-volume sequence screening 
tool as part of a combined co t putational and experimental approach to further the 
understanding of both native and recombinant silk protein folding and hierarchical 
assembly. 
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CHAPTER 1: MOTIVATION AND PROJECT OVERVIEW 
There is a need for a novel silk fabrication technique to provide advanced control of 
processing parameters for silk fiber fabrication 
1.1. Current silk processing techniques cannot recreate native silk structure or 
excellent properties. 
The extraordinary properties of silk1-8 make it an attractive candidate for many 
versatile applications.9'10 With a Young's modulus as high as 20 GPa, silk is as strong as 
steel but six times lighter, 11 and is used for lightweight insulation and textiles. 
Additionally, silk is biocompatible9 and biodegradable/2 and is used for medical 
applications such as sutures9 and tissue engineering scaffolds.9' 13 In nature, silkworms 
and spiders produce silk to fabricate their cocoons and webs (figure 1.1.a), 11'14 and fiber 
properties differ among species. While natural silk spinning suits these silkworm and 
spider applications, there are significant limitations, namely that the processing 
parameters cannot be externally controlled or altered and harvesting these products 
can be both difficult and expensive. As a result, recent steps have been taken 3•9•15•16 to 
synthetically produce silk fibers from regenerated 13' 14' 17 and recombinant1•18-23 silk 
fibroin (figure 1.1.b). These materials can be processed by many versatile methods to 
fabricate a range of substrates {figure l.l.c) suitable for applications that vary from fiber 
optics to adhesives (figure 1.1.d). Regenerated silk is derived from Bombyx mori cocoons 
1 
... 
(figure 1.2) and recombinant silk is produced via genetic engineering (figure 1.3). 
Despite recent advances in silk technology, there is no current synthetic fabrication 
technique that can replicate the unique properties of native silk. Existing processing 
techniques cannot reproduce silk's unique secondary structure,10' 12' 17'24 which is a 
significant drawback since it has recently been recognized that the key to the properties 
of silk lies within this secondary structure.5'6' 10-12' 14'25'26 Thus determining the structure-
property relationships of silk fabricated in a reproducible manner would be a significant 
d . 'lk . 10 27 a vancement 1n s1 processmg. ' 
1.2. There is a need for a structural support layer for a cell sheet based layered tissue 
engineered vascular patch. 
Since silk is biocompatible and biodegradable, it is a common choice for tissue 
engineering applications and is often utilized for cell guidance or scaffold support. A 
main objective of tissue engineering is to design replacement tissues that can function 
similarly to their native counterparts. This is often attempted by mimicking the native 
architecture of the tissues, which can be very complex and is closely tied to tissue 
mechanics and behavior (figure 1.4). One approach to creating complex tissue 
architecture is to design and fabricate different components or layers individually and 
then assemble them. This allows intricate details to be controlled independently and 
carefully for each piece of the tissue construct. One example of this approach uses 
layered cell sheets to create a tissue engineered vascular patch (TEVP). There has been a 
2 
lot of progress in cell sheet engineering that allows for the creation of individual sheets 
with patterned cell and extra-cellular matrix (ECM) organization28'29 that can then be 
layered in a desired pattern to mimic the complex hierarchical structure of the native 
artery that the patch will replace or augment (figure 1.4). However, certain limitations 
prevent these layered constructs from attaining the necessary mechanical strength and 
integrity to behave appropriately after implantation. Therefore, there is a need for 
additional structural support for these tissue constructs that would be completely 
biological and biodegradable, allowing the remodeled tissue to grow when implanted in 
pediatric patients. 
1.3. Current silk processing techniques are not suited to small volumes of starting 
solution~ therefore there is a need for a low-volume recombinant silk sequence 
screening tool. 
Since silk is a protein, its structure and assembly are defined on a most basic 
level by the primary amino acid sequence. This sequence dictates how the protein 
backbone folds into secondary, tertiary and quaternary structures that play an 
important role in the final material properties (figure 1.5). Advances in recombinant silk 
technology allow for synthetic changes to be made to the primary silk sequence, 
providing the potential for optimization of the material for specific use in biomedicine. 2 
Production of exact replicas of native silk is limited in that this long and repetitive 
sequence is difficult to express efficiently in f . coli. As a result, shorter silk-like 
3 
sequences are designed to mimic the repetitive motifs of native silks that are 
responsible for their structure and properties30-33 (figure 1.6.a). Recombinant 
technology also allows for the addition of sequences for binding sites or other motifs 
that would promote cell adhesion or control cell behavior for tissue engineering 
applications. While genetic engineering provides for great sequence versatility, the 
protein fabrication and purification processes are time-consuming, and it can be difficult 
to produce large batches of recombinant sequences that are required for processing 
with bulk methods (figure 1.6.b). Additionally, without previous observations of how 
sequence alterations affect assembly and properties, it is difficult to narrow down the 
large field of potential sequences and to select which of them to design, express, and 
process. Therefore, there is a need for a low-volume recombinant silk sequence 
screening process that can be used in concert with a computational modeling approach 
to inform iterative sequence design. 
1.4. Project approach: development of a microfluidic device to fabricate silk fibers 
from small solution volumes for tissue engineering applications and protein sequence 
screening. 
The extraordinary properties of silk make it an attractive candidate for many 
versatile applications. Given the importance of fibrous extra-cellular matrix proteins in 
tissue mechanics and structure, silk fibers represent a unique material for use in the 
design of engineered tissues to provide for cell guidance and structural support. Despite 
4 
widespread use of silk, native silk spinning is still not completely understood, and 
artificial fabrication techniques cannot recreate the complex structure of silk that is 
responsible for its unique properties. Given the nature of native silk spinning, 
microfluidics is an excellent choice to mimic this process in a controlled manner while 
requiring only small amounts of silk solution. The goal of this project was to utilize 
microfluidics to advance both silk processing and the understanding on silk protein 
folding and hierarchical organization in order to fabricate silk fibers for tissue 
engineering applications and provide insight that is essential to the widespread g~al of 
recapitulating the unique and advantageous properties of native silks. 
1.4.1. Aim 1: Development of a novel microfluidic technique to fabricate regenerated silk 
fibroin (RSF) fibers with tunable properties. 
Using a microfluidic channel designed to mimic native silk spinning, we 
fabricated silk fibers from aqueous regenerated silk fibroin (RSF) solution. These fibers 
were characterized via mechanical testing, Fourier transform infrared spectroscopy and 
wide angle X-ray scattering to define relationships between the properties and 
processing parameters that can be utilized to make fibers with tailored properties for 
any application. 
5 
1.4.2. Aim 2: Using the technique developed in aim 1, we fabricated RSF fibers for use in 
tissue engineering applications. 
We optimized fiber collection to fabricate silk fibers for tissue engineering 
applications. We investigated the effects of fiber presence on cell alignment and 
orientation and demonstrated that microfluidically fabricated silk fibers are an excellent 
material choice for bottom-up design of tissue architecture. We incorporated silk fibers 
into a smooth muscle cell sheet and also attached a non-woven silk fiber mesh to a 
smooth muscle cell sheet. In both cases we demonstrated that silk fibers are well-
incorporated, and the result is a marked increase in mechanical integrity of the cell 
sheet. Both fiber containing sheets and silk fiber meshes are two building blocks for the 
design of multi-layer cell sheet constructs as a broadly applicable tissue engineering 
strategy. 
1.4.3. Aim 3: Validation of this microfluidic technique as a low-volume screening tool to 
investigate recombinant silk sequences. 
We utilized recombinant silk technology in concert with our microfluidic 
technique to investigate how changes in primary sequence affected fiber structure and 
properties in a low-volume and inexpensive manner. We processed silk-like block 
copolymers designed to mimic native silk motifs as part of an integrated experimental 
and theoretical approach to optimize sequence-structure-function relationships and 
gain insight into silk folding and hierarchical organization. 
6 
1.5. Figures. 
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Figure 1.1: Schematic of silk sources, processing and applications. (a) Native silk 
spinning in both spiders and silkworms relies on factors including pH gradients and 
shear to transform concentrated protein so lution into fibers. (b) For engineering 
applications, regenerated silk and recombinant silk are dissolved and processed into 
many products (c) including gels, particles, sponges, films and fibers. (d) Uses of silk 
materials are incredibly versatile, ranging from tissue engineering applications to fiber 
optics. Adapted from Omenetto et al.34 
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Bombyx mori silk Cut cocoons and dispose 
cocoons of worm 
Squeeze out excess water Add 9.3 M liBr on top of 
and allow to dry overnight silk fibers and incubate at 
Remove silk solution from 
cassette 
60 •c for 4 h 
Centrifuge twice 
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0.02 M Na2C03 
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Store at 4 "C 
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times 
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Figure 1.2: Schematic of the process by which regenerated silk fibroin (RSF} is 
extracted from B. mori silkworm cocoons. This multistep process involves first cutting 
and boiling the cocoons, followed by multiple rinsing and dialysis steps. After 4 days an 
aqueous silk solution is formed . Figure adapted from Rockwood et al. 35 
8 
Synthetic ollgoes for each des ked block 
! 
1 
Cloning vector Digested vector 
Protein-based block copolymer 
Gene 
segment 
Recombinant 
plasmid with 
gene segment 
Figure 1.3: Schematic of recombinant peptide fabrication. To fabricate recombinant 
peptides, including silk-like materials, the replication machinery of a host organism 
(here, E. coli) is utilized to express a protein with the desired sequence. Figure adapted 
from Rabotyagova et al.32 
9 
Intima 
{Endothelial 
cells) 
Adventitia 
, · (collagen and-
fibroblasts) 
I 
Native artery Stacked cell sheets 
Figure 1.4: Native artery structure and biomimetic cell sheet construct. Native arteries 
have a complex hierarchical structure that is closely tied to their functional and 
mechanical properties. Stacking of organized cell sheets allows for each layer to be 
represented in a tissue engineered construct. 
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Figure 1.5: Hierarchical protein organization. Proteins are composed of amino acids 
linked by peptide bonds. For natural proteins, the amino acid sequence (primary protein 
structure) is well-defined . This primary sequence controls the folding of the protein 
backbone into structures such as a -helices or ~-sheets (secondary structure). Tertiary 
structure is the further folding of a single protein strand, and quaternary folding is the 
interaction of multiple strands, of the same protein type or different proteins. All levels 
of structure are influenced by the primary peptide sequence. 
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Figure 1.6: Schematic of the design, expression and purification of recombinant silk-
like proteins. (a) Cloning of the desired sequence. (b) Expression in an E. coli host and 
purification result in a protein solution for processing. Figure adapted from Numata et 
al.36 
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CHAPTER 2: BACKGROUND 
2.1. Tissue engineering. 
Tissue engineering (TE) has been described as a "multidisciplinary field that 
applies the principles of engineering and biosciences to the development of novel 
biological substitutes capable of restoring, maintaining, or improving a tissue function 
that fails to regenerate or heal spontaneously."37 A main consideration for tissue 
engineering approaches is that the new tissue can function similarly to the tissue that it 
replaces. Most tissues are complex, 3D structures with well-defined organization and 
architecture that is closely related to tissue function . Thus, many recent approaches of 
tissue recapitulation are based on mimicking native tissue architecture. 
There are three main components to tissue engineering- cells, scaffold, and cell-
scaffold interactions.37 Scaffold materials often act as artificial extracellular matrix and 
affect cell orientation, organization, proliferation and migration, while also contributing 
to overall tissue organization and mechanics. Thus, the design of a scaffold for a tissue 
engineering application is highly important to its success. 
2.2. Biomaterials for tissue engineering applications. 
There are a variety of materials that are used forTE scaffolds. The basic criteria 
for a biomaterial are biocompatibility, biodegradability, and adequate mechanical 
strength with no toxic reactions or potential for immunological or foreign body 
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reactions. 37 Biodegradable materials are classified as either naturally derived or 
synthetic and some of the most common scaffold materials are listed in table 2.1. 
Synthetic materials are often utilized for scaffolds since they can be fabricated 
without any immunogenicity concerns, can be sterilized and are fairly widely available. 
The most common synthetic biomaterials are poly(lactic acid) (PLA), poly(glycolic acid) 
(PGA), poly(lactic-go-glycolic acid) (PLGA) and poly(-caprolactone) (PCL) (figure 2.1.). PLA 
has two enantiomeric forms, but L-lactide is more commonly used than D-lactide as a 
biomaterial because of its higher biocompatibility. This material exhibits high tensile 
strength, but low extensibility and very slow degradation. PLA is synthesized by ring-
opening polymerization and is more crystalline than PGA. This hydrophilic polymer is 
completely absorbed within 6 months of implantation but is very stiff. PLGA is a 
copolymer composed of PLA and PGA. The ratio of one component to the other can be 
varied, and this will dictate parameters such as degradation rate and mechanics. PCL is 
degraded by hydrolysis of its ester linkages in physiological conditions, and its 
degradation rate is even slower than PLA. Generally, processing synthetic polymers 
requires high temperature, pressure or harsh chemicals.38 
Gelatin is a natural polymer that is derived from collagen but exhibits unique 
properties. Gelatin is widely used as a biomaterial due to its bio-resorbability and low 
coagulation activity toward platelets.37 However, a disadvantage of gelatin as a 
biomaterial is its fast degradation rate. 39 
While these materials are excellent choices for many tissue engineering 
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applications, they are not optimum for the design of flexible tissues due to their 
stiffness. Additionally, other biomaterials (biopolymers such as collagen, elastin and silk) 
exhibit the hierarchical structures that provide an additional degree of materials control 
that can be exploited in tailored materials design. 
2.2.1 Collagen. 
Collagen type I and type Ill are the predominant constituents of most 
extracellular matrix material, and as such are ubiquitous and important structural 
biomaterials. The secondary structure of collagen, including the characteristic triple 
helix (figure 2.2), is closely related to mechanical properties and cellular interactions. 
Additionally, the precise spatial organization of collagen fibers in vivo is closely related 
to cellular response as well as tissue tensile strength.40 However, nearly all in vitro 
preparations of ECM involve randomly oriented collagen fibrils due to the self-assembly 
of soluble collagen subunits.41 
Native collagens are often derived from rat tails or human placenta, and type I 
and Ill collagens are the most common types of the nearly 30 chemical variants of 
collagens reported to date. For in vitro studies, the protein is denatured into an 
intermediate state, fibrils, that are subsequently reassembled via a variety of techniques. 
While collagen substrates have been successfully prepared from these native materials, 
there is often difficulty in recapitulating native collagen structure and alignment, both of 
which are closely tied to collagen functions in vivo. 42-44 
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Non-native collagen for in vitro use can be fabricated either chemically or via 
recombinant DNA methods. Chemically derived collagen consists of short synthetic 
collagen peptides (24-63 amino acids long) that may be linked via terminal cysteines 
into fibrillar-like structures. However, the short length of these peptides compared to 
native collagens affects the scope of the nanoscale architecture and the overall 
h . I . 45 46 mec an1ca properties. ' 
Collagens derived via recombinant DNA methods are small collagen-like 
polymers fabricated via the tandem ligation of partial collagen regions. It is difficult to 
prepare recombinant full-length collagen due to the glycine-X-Y sequence repetition 
that promotes mismatched hybridization. Additionally there are limitations to the 
location, frequency, identity, and combination of biologically relevant sites that can be 
introduced via this method.46-48 Other recombinant proteins are designed to mimic 
collagen or contain collagen-like domains: a tailored DNA sequence is designed and built 
and the desired protein is expressed in a host via genetic engineering. The protein 
sequence can be dictated to control parameters such as mechanics and cellular 
responses, and then optimized for tailored applications. 46.49-51 
Collagen can be processed via a variety of techniques ranging from 
electrospinning to microfluidics (see processing section for additional details about 
these processing techniques). Solution parameters such as pH, 52 concentration, collagen 
type,42'53 and solvent affect the properties of the material fabricated. For example 
concentration and viscosity will affect the diameter of an electrospun fiber; 54 
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concentration, solvent and pH will affect the assembly of the collagen peptides into 
higher ordered structures, and thus affect mechanical properties as well as cell 
responses. Physical constraints during processing induce fibril alignment similar to that 
found in vivo and thus result in a more natural material.40'54'55 On the macroscale, 
collection methods 42'52 and crosslinking of fibers53'56 can affect bulk material properties, 
including mechanical properties, anisotropy and porosity. 
2.2.2 Elastin. 
Elastin is one of the most extensively studied elastomeric proteins. It is an 
important ECM protein as it confers elasticity to tissues. 57 Native elastin is isolated from 
animal tissue and consists of two domains - a repeating hydrophobic domain and an 
alanine-rich cross-linking domain.57 Because of their elasticity, elastin and elastin-like 
proteins have been utilized for many tissue engineering applications. 
Elastin is secreted as a soluble precursor, tropoelastin, which is ~65 kDa and 
comprised of alternating hydrophobic domains of variable length (elastic repeats) and 
alanine rich, lysine containing domains that form cross-links. The hydrophobic domains 
are comprised of modular repeat domains of tri-, tetra- or pentapeptide repeats of 
(VPGXG)n, where X can be any residue other than proline,58'59 whereas the lysine-
alanine regions provide functionality by formation of oxidative cross-links, fixing the 
structure60 (figure 2.3). The most common cross-link occurs from the conversion of the 
amine groups of the lysine residues into reactive aldehydes by lysyl oxidase, resulting in 
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a spontaneous desmosine cross-link. 
Recombinant elastin-like protein polymers provide significant opportunities to 
modulate material microstructure by changing the residue at the fourth position in the 
hydrophobic domain. As a consequence, biological and mechanical responses of elastin 
based polymers are tunable through precise primary sequence and block length. Elastin 
and elastin-like peptides can be processed in various forms including particles, films, 
gels and fiber networks. 
2.2.3. Fibronectin. 
Fibronectin, like collagen, is a prominent constituent of extracellular matrices in 
healthy tissues, but like fibrin it is also involved in tissue repair responses and can be 
found circulating in plasma. Fibronectin is a large, dimeric protein. Each monomer is 
composed of three types of independently folding repeat domains (figure 2.4.a) a 
sequence that is critical to fiber formation 61'62 . When initially secreted, fibronectin is a 
soluble globular molecule (figure 2.4.b) but in the ECM it extends (figure 2.4.c) and 
associates to form an insoluble fiber (figure 2.4.d). Tension applied by cells in vivo 
results in the revealing of cryptic sites that are involved in binding cells and other ECM 
molecules. Fibronectin is highly involved in the control of cell behavior providing both 
guidance and support. For tissue engineering, fibronectin is often used as a coating to 
promote cell adhesion, and insoluble fibers have been utilized forTE scaffolds. 
Fibronectin is commercially available in a form purified from human blood 
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plasma, unlike other biopolymers like collagen and elastin that are not available in 
allogenic forms, but rather derived from animal tissues. Artificial methods such as shear 
forces63' 64 or lipid interfaces65 are often used to force globular fibronectin to form 
insoluble fibrils. 
2.2.4. Silk. 
Silk is made naturally by both spiders and silkworms. B. mori silkworm fibers are 
composed of two proteins- a heavy chain fibroin that is ~350 kDa that is linked to the 
smaller light chain (~25 kDa) via disulfide bonds.66 Spider silks va ry between species and 
also multiple types of silk are made by a single spider (orb silk, dragline silk). However, 
all silks are highly repetitive and composed of alternating hydrophilic and hydrophobic 
regions. The hydrophobic alan ine-rich domains are responsible for the formation of ~­
sheet nanocrystals that impart silk fibers with their excellent strength . These 
nanocrystals are embedded in a semi-amorphous matrix formed by the hydrophilic 
glycine-rich regions, which allow the fiber to be highly extensible. The unique 
mechanical properties of silk are very highly dependent on the presence and 
organization of these secondary structures66 (figure 2.5). 
Sericulture - the art of farming silkworms for silk fabrication - has been 
perfected for textile applications and silk produced in this manner is also suited for 
biomedical applications (after treatment to remove the sericin coat). In contrast to 
silkworms, most spiders are impossible to farm due to their territorial and cannibalistic 
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nature.66' 67 As a result, almost all naturally derived silk is from silkworms. 
Recombinant silk sequences are generally designed to mimic the repetitive 
motifs found in all silks. These materials have been expressed in plants,68 mammalian 
cells, 19 and with the most success in bacteria.33'69 Expression of large proteins is limited, 
so unlike large native silks (200-350 kDa), most recombinant sequences are between 30 
and 100 kDa. 67 The yield for recombinant silk varies based on the sequence, but 
generally fabricating these genetically engineered proteins is far more time consuming 
and expensive than extracting regenerated silk, and the amount of material that is made 
is far less. 
Both regenerated and recombinant silk can be processed in a variety of ways to 
form not only fibers but also gels, films and sponges.34'70 As a biocompatible and 
biodegradable material, silk has been used for sutures,9 scaffolds71 and drug delivery 
systems.72 
2.3. Biomaterial processing methods. 
A wide variety of versatile processing techniques can be utilized to prepare 
substrates ranging from fibers to particles for varying applications. The methods 
discussed in this section as summarized in table 2.2, organized by the type of substrate 
that is made and along with the major variables and examples of biomedical 
applications. 
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2.3.1. Electrospinning. 
One common biopolymer fabrication technique is electrospinning, a process that 
utilizes a large electric field between a polymer solution and a collection plate to induce 
a stable jet to be ejected from the solution reservoir and travel toward the plate42 
(figure 2.6). The result of this process is a non-woven fiber mat that is either randomly 
oriented or aligned depending on the collection method used. Variables in 
electrospinning include solution conditions (pH, concentration, solvent), device 
conditions (the distance between the tip and plate, strength of the electric field, nozzle 
dimensions) and collection methods (plate vs. rotating mandrel, speed of collection), 
which affect fiber diameter, fiber mechanical properties, and organization or alignment 
of the fiber mat.42 Fibers with diameters ranging from a few nanometers to microns can 
be fabricated for applications ranging from nanowires to fiber optics.43 Additionally, 
electrospinning of natural polymers such as elastin, collagen and silk is useful for 
scaffold designs for tissue engineering.43'73 However, electrospinning generally requires 
high concentrations of biopolymers (20-30%) or that the materials be blended with 
other dope materials.74 
2.3.2. Wet-spinning. 
Wet-spinning is another popular processing technique for biopolymer fibers . This 
technique is similar to an extrusion process where a polymer solution is forced through 
a nozzle of controlled dimensions into a solution bath to fabricate fibers (figure 2.6) . 
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Unlike dry spinning, wet spinning allows for a fiber coagulation step. Fibers can be 
collected in a variety of ways to make 3D constructs, such as meshes, tubes and related 
materials. Variables in wet-spinning include polymer solution conditions (concentration, 
pH, solvent), nozzle dimensions, reservoir solution composition and additional post-spin 
treatment such as drawing. These variables affect the diameter of the fibers as well as 
the mechanical and surface properties.75'76 
2.3.3 Solvent casting. 
Biopolymer films can be fabricated via solvent casting53 where a solution is cast 
onto a mold and allowed to dry, forming a film. Variables in solvent casting include the 
solvent used, the concentration of the biopolymer, the casting conditions (i.e. forced 
drying) and film post-treatment. These variables affect the surface and bulk properties 
of the material. Additionally, the mold can be flat or can have complicated patterning 
via lithography, creating a film with patterns such as alternating grooves and ridges or 
complex designs that can be used for cell orientation. These films are often used for 
tissue engineering. While lithography allows for complex patterns to be formed, casting 
does not allow for a large degree of control over material assembly, which can be 
important for many biopolymers.53 
2.3.4. Self-assembly. 
Another important biopolymer processing technique with rather widespread 
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utility is self-assembly, which can be utilized to fabricate hydrogels, 30 matrices and 
particles. Hydrogels are 30 polymer networks that swell but do not dissolve in water.44 
These materials have been used as biomaterials since the mid-1900s77 and their use 
ranges from contact lenses to artificial organs, extracellular matrix (ECM) mimics and 
controlled/sustained drug delivery. Variables in hydrogel fabrication include physical 
and chemical crosslinking/8 pH, biopolymer composition (amphiphilic characteristics, 
ionic strength79 ) and concentration, which all affect the properties of the material, 
including stiffness and swelling ratio. Amphiphilic polymers that form hydrogels at low 
concentrations often form micelles or other particles at higher concentrations or in 
certain environments. Self-assembled particles are also valuable tools in drug delivery. 
Variables in self-assembly of particles include the amphiphilic nature of the biopolymer, 
concentration, and assembly conditions including pH.80'81 These variables will determine 
if assembly will occur, control the size/shape of the resulting particles, and have 
implications in the drug delivery profile. 
2.3.5. Microfluidics. 
Microfluidic processing techniques are very versatile and can be used to make 
fibers/1'52'82 gels40 or particles83 from biopolymers. Microfluidics has been used in the 
processing of biopolymer gels to constrict assembly and further advance polymer 
organization within the gel.40 Microfluidic approaches to particle fabrication often utilize 
flow focusing of multiple solutions or phases.84 For example, drug encapsulation in 
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monodisperse particles can be easily achieved via microfluidics and has significantly 
advanced the area of drug delivery research.83 
Microfluidic fiber fabrication techniques utilize flow conditions85 and gradient 
environments21'52 to control polymer assembly inside a microfluidic channel. Variables 
include solutions used, device geometry and dimensions, flow rates, and post-spin 
processing. Manipulation of these variables allows for control over parameters such as 
fiber diameter, shape and mechanical properties.82 
2.4. Recombinant silk-inspired proteins. 
Since spider silk cannot be easily harvested, silk-like proteins are designed to 
mimic native silk and are fabricated via genetic engineering and produced in host 
organisms. Several attempts have been made to spin artificial silks with some 
success.19'21'66 Due to the large size and repetitive nature of these proteins, expressing 
exact replicas is difficult86 and so most silk-like proteins are shorter peptides that mimic 
the motifs found in native silks. Despite growth and advancements in recombinant silk 
technology, no process has resulted in recombinant silk fibers that can mimic the 
properties of native silk. 
2.4.1. Engineered Araneus diadematus fibroin- eADF3 and eADF4. 
Two of the most common recombinant silks are eADF3 and eADF4. These 
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materials are engineered variants (e) of ADF3 and ADF4- the dragline silk fibroins of the 
garden spider Araneus diadematus- and were first designed and expressed in 2004. 69 
These materials have been well studied and with varying solvent conditions can be 
controllably assembled into different morphologies such as nanofibrils,87 hydrogels,88 
films, 89'90 and microcapsules.91 Most of the work related to these materials has been 
aimed at furthering the understanding of native spider silk spinning rather than 
fabricating a functional material. Additionally, these materials are much smaller than 
native silks (~60 kDa vs. 250-320 kDa). 33 
2.4.2. Native length recombinant silk proteins. 
A marked issue with production of recombinant materials is that the host 
organism (here, E. coli) has not evolved to produce the sorts of sequences that are being 
made. Sequence length and repetition can limit the feasibility of protein expression. 
Additionally, silks are rich in alanine and glycine and limitations in the amounts of tRNA 
for these amino acids can limit overall expression productivity. In attempts to overcome 
these issues and produce native-sized silk inspired proteins, metabolic engineering has 
been used to increase expression rates. Using metabolically engineered E. coli with 
elevated glycyl-tRNA levels, recombinant silks on the size order of native silks {284.9 kDa) 
have been fabricated. 33 It is believed that overall length as well as the prevalence of 
chain end defects affects the mechanical integrity of recombinant materials. These 
native-sized materials exhibited better mechanical properties than shorter peptides 
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with the same repeat sequence.33 However, there are still limitations to overall material 
production rates, and achieving the concentrations necessary for fiber formation (~20%) 
can be time consuming and requires organic solvents like HFIP. 
2.4.3. Silk-like block copolymers- native inspired building blocks. 
Another class of materials that has been well-studied is silk-like block 
copolymers. Materials of this type are composed of blocks that mimic the motifs found 
in spider silks -one block contains a polyalanine sequence and is hydrophobic whereas 
the other is glycine rich and hydrophilic. Various combinations of these blocks will self-
assemble into different structures including microspheres. Controlled assembly has also 
been utilized to fabricate films. 92 One study of these materials aimed to explore the 
relationships between sequence, chain length, and distribution of blocks on the 
resulting structure and morphology.30 Additionally, parameters that affect self-assembly 
were studied to demonstrate how these can be exploited to control structure and 
morphology. In this approach, materials based on native sequences are utilized to 
investigate sequence- structure- function relationships to tailor these properties for 
specific applications, while not necessarily aiming to mimic or recapitulate native silks. 
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2.5. Figures and tables. 
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Figure 2.1: Chemical formulas for common synthetic biomaterials used for tissue 
engineering applications. Common synthetic biomaterials include poly(lactic acid) (PLAL 
poly(glycolic acid) (PGA), poly(lactic-co-glycolic acid) (PLGA) and poly(E-caprolactone) 
(PCL). 
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Figure 2.2: Schematic of collagen hierarchical assembly. Collagen forms a characteristic 
triple helical structure which is responsible for t he banding seen on collagen fibers. 
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Figure 2.3: Schematic of elastin domains and cross-links. Elastin is a highly extensible 
protein. Cross-linking between strands maintains material integrity under elongation . 
The most common cross-link is a desmosine cross-link. 
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Figure 2.4: Schematic of fibronectin hierarchical organization. (a) organization of a 
fibronectin monomer, which is composed of three different types of domains in a 
specified order. (b) fibronectin dimer- naturally occurring form of the soluble protein . 
(c) extended fibronectin dimer. (d) insoluble fiber formed from extended dimers. Figure 
adapted from Brown et al.93 
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Figure 2.5: Schematic of the hierarchical structure of silk fibers. The hierarchical 
structure of silk fibers is closely related to their mechanical and structural properties. 
The primary protein sequence dictates folding of the chain into secondary structures 
that play an important role in strength and extensibility. Processing conditions also play 
a role in controlling the internal fiber organization which is equally as important. Figure 
adapted from Keten et al.94 
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Figure 2.6: Electrospinnning and wet-spinning of fibers. (a) electrospinning relies on a 
large charge between a polymer solution and a grounded collection plate to form a 
stable jet that results in a nonwoven mesh. (b) wet-spinning is an extrusion-like process 
by which fibers are forced through an opening, collected in a reservoir and can be drawn. 
Adapted from Murugan et al.37 
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Table 2.1: Common naturally derived and synthetic biomaterials for tissue engineering 
scaffold fabrication. 
Naturally derived biomaterials Synthetic biomaterials 
Collagen Poly(lactic acid) 
Elastin Poly(glycolic acid) 
Fibronectin Poly(lactic-co-glycolic acid) 
Silk Poly(E-caprolactone) 
Gelatin 
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Table 2.2: Summary of common processing techniques for biomaterials. 
substrate method variables application references 
fibers electro- electric field, pH, tissue engineering 42, 43, 73 
spinning solvent, plate distance, scaffolds, fiber 
set-up parameters, optics, nanowires 
post-spin treatment 
wet- spinning solution concentration, tissue engineering 75,76 
solvent, pH, set-up scaffolds, textiles 
parameters, post-spin 
treatment 
microfluidics pH, flow rate, channel fiber optics, tissue 21, 52, 82, 95 
geometry, engineering 
concentration, post- scaffolds, 
spin treatment macromolecular 
assembly 
mechanisms 
films solvent casting solvent, concentration, complex patterns 53,96 
casting conditions, post for cell guidance 
treatment, patterned 
surfaces via lithography 
microfluidics geometry, physical cell guidance 40 
constraints, flow 
constraints 
hydrogels controlled cross-linking method, artificial organs, 40,78 
and 3D assembly pH, concentration drug delivery 
matrices 
self- assembly amphiphilic ECM mimics 79,97 
characteristics, ionic 
strength, pH 
particles self-assembly amphiphilic drug delivery 80, 81,98 
characteristics, 
concentration, solvent, 
pH 
microfluidics viscosity, drug delivery, 83 
concentration, relative ultrasound 
flow rates, device contrast agents 
dimensions, post-
fabrication treatment 
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CHAPTER 3: AIM 1 
Development of a novel microfluidic technique to fabricate regenerated 
silk fibroin (RSF) fibers with tunable properties 
3.1. Motivation 
3.1.1. The unique and extraordinary properties of silk make it an excellent choice for 
many applications, including tissue engineering. 
As a class of materials, biopolymers offer multiple benefits that cannot be found 
with other biomaterials. These naturally derived materials have very well-defined, 
hierarchical organization. Primary sequence defines all other levels of organization, and 
thus changes to this sequence can be exploited -along with processing parameters -to 
control material properties. As a result, these materials are the perfect choice for 
tailored materials design approaches. 
Silk is an exceptionally unique material and has some of the most excellent 
mechanical properties, including strength and extensibility, which are well matched for 
tissue engineering applications. This combination of properties is rare and fits well for 
the use of silk fibers as ECM mimics or structural support scaffolds in tissue design. 
Unlike collagen and elastin, regenerated silk fibroin (RSF) is readily available from 
farmed silkworm cocoons and does not need to be extracted from other organisms or 
tissues. Additionally after a washing step to remove the sericin coating of the fibers, RSF 
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is biocompatible and biodegradable without any additional concerns about remnant 
biological materials or unwanted interactions. 
Finally, there are a variety of techniques available to process silk in the form of 
fibers, gels, particles and films (figure 3.1). The field of silk engineering continues to 
grow, and recent advancements in processing and recombinant silk production have 
greatly augmented the potential of this ancient material. 
3.1.2. Natural and biomimetic silk spinning. 
While natural silk processing is not fully understood, 1' 2' 21'99' 100 certain aspects 
have been well-characterized. Fiber formation is accompanied by the transition of a 
globular protein to a fiber rich in highly ordered ~-sheets arranged between globular 
regions. 1' 2' 11' 13' 17'99-103 This combination of strong ~-sheet networks between extensible 
globular regions forms the unique secondary structure of silk that gives rise to both its 
strength and toughness.1' 2'9' 12' 101 (figure 3.2.c) In B. mori silkworms, the silk sol-gel 
transition is believed to be induced by the combination 11 of the elongational flow 
caused by the decrease in the cross-sectional area of the lumen of the spinning gland 1' 27 
which aligns the silk fibroin in the direction of the flow, 2' 16' 17 as well as the significant 
drop in pH 1' 16' 21 along the gland, which results in the protonation of certain side groups1 
(figure 3.2.a-b). Together, structure and chemistry promote the formation of strong 
hydrogen bonds.99 
Synthetic silk fiber fabrication methods include electrospinning13' 17 and wet-
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spinning,4' 24,75 (see chapter 2 for details) which often require the silk dope to be at a 
very high concentration74 or blended with other materials13,74 or may involve harsh 
compounds such as lithium bromide and hexafluoroisopropanol (HFIP).5•10•15•24•104-106 
These processes also utilize lengthy coagulation times ranging from 1 hr to overnight,4•10 
while offering limited control over fiber properties or versatility in collection methods. 
Neither wet-spinning nor electrospinning can align silk fibroin molecules in a manner 
that is similar to native spinning4' 17 or reproduce silk's unique secondary 
structure/0' 13' 17' 24 which is a significant drawback since this structure is so closely related 
'lk . 56 10-12 14 25 26 G' h t f . 'lk . . . fl .d. . to s1 properties. · · · · · 1ven t e na ure o nat1ve s1 spmnmg, m1cro u1 1cs 1s an 
excellent choice to recreate this process in a highly controlled manner. This versatile 
processing technique can mimic aspects of native silk spinning, while requiring only 
small amounts of silk solution, thus providing for feasible recombinant silk processing as 
well. 
3.1.3. Microfluidics for silk and fiber processing. 
3.1.3.a. Microfluidics to monitor silk assembly. 
One of the reasons that silk spinning is still not understood is because it is 
impossible to monitor the natural process as it occurs in silkworms and spiders. Fully 
understanding these processes is necessary to properly mimic them with synthetic 
spinning. The influence of processing parameters such as pH, ion concentration, and 
stress on silk assembly has only been studied in vitro. Multiple mechanisms of silk 
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spinning have been postulated, but none can be verified. 100 As a result, many studies 
have attempted to monitor silk assembly as it occurs with investigative tools such as X-
ray scattering. One such study utilized a glass microfluidic channel to monitor silk 
aggregation via small angle x-ray scattering (SAXS) using synchrotron radiation. 100 The 
results of this work did not show evidence of ~-sheet formation within the channel, but 
fibroin aggregation did occur, and it is believed that this may be an important 
intermediate step in fiber formation. Additional work with this type of investigative tool 
could prove very insightful in to the underlying mechanisms of silk assembly and fiber 
formation. 
3.1.3.b. Microfluidics to fabricate polymer fibers. 
Complex microfluidic flow profiles in have been used to fabricate polymer fibers 
with a variety of unique cross sections. This approach utilizes advection maps derived 
from grooves placed on the channel walls to manipulate the flow focusing of the stream 
and control the fiber cross section shape and size (figure 3.3.c). The fibers are then 
either cast107 or photopolymerized. 108 This process allows for a large range of potential 
patterns and complexity, multiple sets of grooves can be used in sequence, and layered 
patterns can be achieved. This fabrication technique has been used to form polymer 
fibers such as poly(methyl methacrylate) (PMMA), but has not been attempted for silk.85 
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3.1.3.c. Microfluidics to fabricate silk particles. 
Microfluidic systems have been utilized to fabricate monodisperse silk 
microspheres. Regenerated silk particles of various diameters were made with a two-
phase microfluidic flow focusing device by altering flow rates (figure 3.3.a). These 
materials are of particular interest for drug delivery and extended release. Compared to 
alternative silk particle assembly techniques such as emulsification or self-assembly, the 
size distribution of microspheres fabricated with this microfluidic approach is much 
narrower, which has implications for uniform and predictable degradability and release 
profiles. In this study, microspheres ranging from 145 to 200 ~m were fabricated with a 
single device design by varying flow rates (figure 3.3.b). The polydispersity index (PDI) 
was less than 6% for all sizes, which is similar to other droplet microfluidic methods. 
Structural analysis indicated the transformation of the globular silk starting solution to a 
~-sheet rich structure.84 
3.1.3 .d. Microfluidics to fabricate silk fibers and monitor silk assembly. 
While microfluidics approaches have been utilized to monitor silk assembly, 
fabricate fibers made from other polymers, and fabricate silk particles, there have been 
very few attempts to use microfluidic spinning to fabricate silk fibers. Rammensee et 
al. 21 designed a microfluidic channel inspired by some aspects of native spider spinning 
and used it to spin recombinant silk peptides eADF3 and eADF4 (for more details on 
these materials see chapter 1). These proteins are inspired by native Araneus 
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diadematus fibroins (dragline silks). The aim of this work was to directly observe and 
identify essential parameters in dragline silk assembly. The study monitored the 
assembly of the two proteins under various conditions such as ion concentrations, pH, 
and elongational flow. It found that changes in ionic conditions and pH caused 
aggregation of the two proteins. Assembly of eADF3 fibers only occurred via 
elongational flow and eADF4 fibers would only form in combination with eADF3. The 
result of this work supports the model of native silk spinning proposed by Jin and 
Kaplan2 that postulated that colloidal aggregates are a prerequisite for shear induced 
fiber assembly. This work demonstrates that using microfluidic environments to mimic 
native spinning conditions can provide specific insights into spinning mechanisms. 
Additionally, a fiber was formed from this spinning (figure 3.3.d). The surfaces of these 
fibers were grainy and the authors postulate that these fibers are not mature but rather 
represent an intermediate stage in fiber formation. The mechanics of the fiber were not 
investigated, and no potential uses for the fiber were discussed. The surface and cross-
section of the fiber were both non-uniform, suggesting that this method is not 
particularly suited to fabricate fibers in a controlled manner. This microfluidic approach 
was designed primarily to assess recombinant silk assembly rather than fabricate a 
functional material for a specific use. 
3.1.4. Microfluidics for silk fiber fabrication. 
Despite great advancements in the design and processing of silk, there is still no 
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artificial spinning process that can fabricate a functional fiber in a controlled and 
tunable manner from small amounts of silk solution. The goal of this aim was to develop 
a microfluidic approach that could meet these needs. While silk is our initial material of 
choice, considerations were taken throughout the design process so that this device and 
fabrication technique could be extended to other biopolymers of interest, including 
recombinant silks and silk-like peptides, collagen, and elastin. 
3.2. Materials and methods. 
3.2.1. Materials. 
Regenerated silk fibroin (RSF) aqueous solution of 8% w/v and pH 6.6 was 
prepared from Bombyx mori cocoons according to a previously published protocol.35 
Poly(ethylene oxide) (PEO) aqueous solution of 3% w/v was prepared from 900,000 MW 
PEO (Sigma Aldrich, St. Louis, MO) and deionized water. Hydrochloric acid solution (1M) 
(Sigma Aldrich, St. Louis, MO) was added to adjust the pH of the PEO solution to 1.5. The 
microfluidic devices were fabricated from poly(dimethylsiloxane) (PDMS) (Sylgard 184, 
Dow Corning Corp., Midland, Ml). 
3.2.2. Fabrication of microfluidic channel. 
Standard soft lithography was used to fabricate patterned relief structures on 
silicon wafers as molds for device production. A multilayer technique was used to 
produce the three-dimensional device structure (figure 3.4). Silicon wafers (Si-Tech Inc., 
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Topsfield, MA) were rinsed with isopropanol (Sigma Aldrich, St. Louis, MO) and dried at 
200°( for 10 min to ensure evaporation of the solvent. The first layer of the mold was 
created by coating the wafers with SU8-50 photoresist (Microchem Corp, Newton, MA) 
as follows- ramp to 700 rpm over 7 s (100 rpm/s), hold for 10 s, ramp to 3000 rpm over 
7 s (approximately 330 rpm/s) and hold for 45 s, to create a photoresist layer 40 ~-tm 
thick. The wafers were pre-baked for 10 min at 65°C and 30 min at 95°C. Each wafer was 
then exposed to a UV light source through a mask with the pattern for the first layer of 
the channel (figure 3.4). Exposure was achieved at 15 mW/cm2 for four 20 s periods at 1 
min intervals. The wafers were then post-baked for 1 min at 65oC and 5 min at 95oC. The 
second layer was then added to the wafers by coating the first layer with SU8-50 as 
follows- ramp to 500 rpm over 5 s (100 rpm/s), hold for lOs, ramp to 2000 rpm over 5s 
(300 rpm/s) and hold for 35 s to create a second photoresist layer 75 ~-tm thick (total 
thickness 115 ~-tm). The wafers were then pre-bakes for 10 min at 55°( and 40 min at 
95°C. Before exposure, the second mask was carefully aligned with the location of the 
previously exposed area. Exposure was achieved at 15 mW/cm2 for four 20 s periods at 
1 min intervals. The wafers were then post-baked for 1 min at 65°( and 7 min at 95°(. 
The wafers were then developed with SU8 developer for 6 min, rinsed with isopropanol 
and dried with nitrogen. 
Each mold was composed of two layers. The bottom layer (first spun, 40 ~-tm) was 
symmetric and contains all three inlets and one outlet. The top layer (second spun, 75 
~-tm), however, only contained one inlet and one outlet, providing for a second tier that 
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resulted in an asymmetric channel design (figure 3.4). To cast the pieces for channel 
fabrication, PDMS was mixed in a 10:1 base to curing agent ratio, poured in to the 
silicon mold, degassed for 1 hr, and cured for 1 hr at 65°C. After being cleaned with 
ethanol (Sigma Aldrich, St. Louis, MO), two identical patterned PDMS pieces were 
aligned and sealed face to face to enclose the asymmetric microfluidic channel (figure 
3.5.a). To form this seal, the surfaces were treated in a plasma etcher (PDC-32G Plasma 
Cleaner/Sterilizer, Harrick Scientific, Ossining, NY) on medium RF level for 30 seconds. 
Each assembled channel was 400 )..lm wide. The silk inlet was 80 )..lm high, each PEO inlet 
was 155 )..lm high, and the outlet was 230 )..lm high. Polyethylene tubing (PE 50, Becton, 
Dickinson and Company, Franklin Lakes, NJ) was attached at the three device inlets 
(figure 3.S.b). In preparation for use, the device was submerged in a methanol (Sigma 
Aldrich, St. Louis, MO) bath in a Petri dish. To prevent the device from floating it was 
secured to the petri dish with vacuum grease (figure 3.5.c). 
3.2.3. Modeling of flow in the channel. 
Fluid flow in the device was controlled by a customized servo motor controlled 
syringe pump designed at the Max Planck Institute for Dynamics and Self-Organization 
(Gottingen, Germany). We developed an estimate to describe and predict the flow 
behavior in the device based on changes in channel dimensions and input flow rates 
which predicts the width of the silk stream in the outlet. This approach is based on a 
parabolic flow profile approximation. 
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3.2.4. Determining the effect of methanol coagulation on silk fiber size. 
An integral step in fiber formation is coagulation in a methanol bath post-
spinning. To determine how methanol coagulation affected final fiber diameter, the 
duration of coagulation was controlled between 1 and 40 s. The diameter of the fiber 
post-coagulation was measured and compared to the predicted silk stream diameter in 
the channel. Size reduction was calculated as "percent radius reduction" since the cross-
sectional area of the fiber is approximated as a circle and coagulation occurs at all 
exposed surfaces equally. 
3.2.5. Flow in the device and fiber fabrication. 
Fibers of various diameters were fabricated via silk-to-PEO flow rate ratios 
ranging from 0 to 1. Fibers were collected from the outlet, soaked in water to remove 
residual methanol or PEO, and allowed to dry. The diameter of the dry fibers was 
measured from bright field images. Each fiber was then soaked in water for 10 min, and 
the wet fiber diameter was measured. 
To produce drawn f ibers, the silk and PEO solutions were maintained at control 
channel speeds of 0.22 mm/s and 0.62 mm/s, respectively. Fibers exited the device 
outlet and passed through a methanol reservoir under a freely rotating Teflon rod 
(figure 3.5.c) and exited the reservoir vertically into the air for collection by a motorized 
stage or mandrel. A custom frame with an adjustable rod was used to hold the device in 
place and maintain the duration of methanol treatment at 30 seconds regardless of flow 
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rates or drawing speed (figure 3.5.c). Undrawn fibers were collected with the motorized 
stage moving vertically at the same speed at which the fibers exited the channel (0.89 
mm/s, calculated from input flow rates and channel dimensions) . Drawn fibers were 
collected at a specified speed depending on the desired drawing ratio (for example, for 
a drawing ratio of 3 the fibers were collected three times faster than undrawn fibers at a 
speed of 2.67 mm/s). To ensure uniform methanol treatment, the distance between the 
outlet and rod was changed depending on the drawing ratio, which controlled the speed 
at which the fibers traversed the bath. All fibers were stored in water for at least 24 hr 
prior to use or characterization. 
3.2.6. Fiber imaging via brightfield microscopy and scanning electron microscopy. 
Bright-field images of fibers and flow were acquired with an Axiovert 525 
inverted microscope (Carl Zeiss, Inc., Thornwood, NY). For scanning electron microscopy 
(SEM), the fibers were mounted on to a sample holder with conductive tape. Each 
sample was sputter-coated with platinum with a HAR024 sputter coater. To image 
morphology at higher magnifications, the fibers were imaged with a Zeiss 55 Ultra 
system (Harvard University Nanoscale Systems, Cambridge, MA). The operating voltage 
was 5KeV with an lnlens detector. 
3.2. 7. Mechanical characterization of fibers. 
Mechanical testing was carried out with an lnstron 5848 Microtester (lnstron, 
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Norwood, MA) with a SN load cell in a protocol adapted from Perez-Rigueiro et al. 109 
Single fibers were mounted by attaching both ends of the fiber to a paper frame with 
epoxy to provide stability during handling (figure 3.6). Once loaded, the frame was cut 
to remove its support and the fiber was extended at a strain rate of 0.01 s-1 until failure. 
Force and extension measurements were taken throughout testing. Initial sample length 
was used to calculate strain. Initial cross-sectional area (measured from bright field 
images of the fibers) was used to calculate engineered stress. Mechanical properties 
were calculated from the resulting stress-strain plot. Failure stress and failure strain 
were defined as the maximum stress value reached prior to failure and the strain value 
at failure, respectively. Young's modulus was calculated by fitting a straight line to the 
linear elastic region of the stress-strain plot and determining its slope. Native Bombyx 
mori fibers (kindly provided by M. Tsukada, Institute of Sericulture, Tsukuba, Japan) 
were first characterized to validate the chosen testing techniques, and then RSF fibers 
were tested . 
3.2.8. Structural characterization of fibers. 
3.2.8.a. Fourier transform infrared spectroscopy (FTIR). 
FTIR was used to characterize silk secondary structure. The PEO solution was 
dried into thin films for this analysis. RSF silk was analyzed in aqueous solution form. 
Native and RSF fibers were bundled into small flat pellets for analysis. Absorbance 
spectra from 4000-400 cm-1 were acquired with a JASCO FTIR 6200 spectrometer (JASCO, 
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Tokyo, Japan) and 256 scans were averaged for each sample, with overall resolution of 4 
cm-1. A background spectrum was collected prior to each sample spectrum. Emphasis 
was placed on the amide-1 band (1720-1580 cm-1) which has been well-studied for silk 
fibroin and is indicative of secondary protein structure. Fourier self deconvolution (FSD) 
was performed by a method adapted from Hu et al.101 Briefly, a linear baseline was 
subtracted from the region of interest and a nine-point smoothing filter was applied. 
FSD was performed with the Happ-Genzel apodization scheme, a bandwidth of 25 cm-1 
and an enhancement factor of 3.0. Gaussian shape profiles were fit to the baseline 
corrected deconvoluted spectra using floating parameters. In each case, the spectrum 
was processed so that the resolved peaks align with the minima of the second derivative, 
a widely accepted criterion for appropriate deconvolution.25' 101' 110 Peak assignments 
were made according to Hu et al.101 and in agreement with other published results .109•111 
To estimate total ~-sheet content, the area of ~-sheet peaks was normalized by total 
band area. Parameter variation had little effect on total ~-sheet content values. 
3.2.8.b. Wide angle X-ray scattering (WAXS). 
WAXS experiments of the silk fibers are performed using a Bruker AXS Nanostar 
(Karlsruhe, Germany). Both native 8. mori and RSF fibers were dried and mounted with 
kapton tape. The WAXS instrument accommodates a q-range from 1 to 33 nm -1. The 
setup includes a rotating anode x-ray source for CuKa radiation (wavelength A=0.154 nm) 
at a generator power of 4.05 kW and a virtually noise-free, real-time 2D Hi-Star detector 
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with photon counting ability. All 2D detector images were taken at ambient 
temperatures with exposure times of 7200 seconds per sample and azimuthally 
averaged using Fit2D software to produce lD intensity profiles. 
3.3. Results and discussion. 
3.3.1. Device design and fiber fabrication. 
By designing a device based on native silkworm fiber spinning, we were able to 
fabricate fibers with consistent and tunable diameters. The cross-shaped channel was 
fabricated from PDMS111 and consisted of three inlets and one outlet (figure 3.7.a). 
Regenerated silk fibroin (RSF) aqueous solution from B. mori cocoons entered through 
the main (central) inlet, and reached the cross intersection where it interacted with two 
outer streams of poly(ethylene oxide) (PEO) solution. Unlike basic microfluidic channels, 
the device was tiered in this area. For traditional hydrodynamic focusing, a main 
solution stream is focused from either side by two outer streams. This tiered design 
facilitated focusing from all directions to prevent clogging due to adsorption of proteins 
to the channel walls and maximize the interface between the solutions. PEO was used 
for the outer streams at a concentration chosen to match the viscosity of the silk 
solution to avoid pearling instabilities that arise with the use of water or other lower 
viscosity solutions. Laminar flow dominated within the channel, preventing any PEO 
diffusion into the fiber, and residual PEO was easily rinsed from the fiber surface. The 
PEO solution was of low pH compared to the silk, mimicking the pH drop found in B. 
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mori silkworms.1 This pH drop initiated the structural transformations necessary for 
fiber formation. The interaction of the solutions at the cross region causes elongational 
flow, 52 where the silk stream was hydrodynamically focused by the outer PEO solution 
streams (figure 3.7.a} . This mimicked the decrease in cross-section seen in the B. mori 
spinning gland, causing alignment of the globular fibroin protein and acting in 
conjunction with the pH drop to initiate the sol-gel transition . Structural transformations 
continued along the length of the outlet channel and the silk fibers exited into a 
surrounding methanol bath. This reservoir acted as a coagulation bath, further 
strengthening the associations formed between the silk fibroin molecules within the 
device. Any residual methanol on the fiber surface was removed by a washing step, and 
no harsh materials remained in the fiber. The result of this process was a smooth silk 
fiber with consistent cross section, as shown in figure 3.7.b. These fibers were stable in 
water and easy to handle and collect. 
3.3.2. Derivation of an equation for fiber diameter estimation 
An inherent advantage of microfluid ics is the flexibility it provides for controlled 
flow in the device allowing for the optimization of processing parameters as well as 
tuning of fiber properties such as diameter. To derive an estimate of the silk solution 
stream diameter, equations for fiber diameter prediction were adapted from volume 
conservation, assuming known inlet and outlet velocities, and the channel was 
approximated as cylindrical. 
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The flow in the main channel was approximated by a parabolic profile 
dp 
- 2 
dz 2 2 K 2 2 r 
v ( r) = - (R - r ) = - (R - r ) = v (1- -) 
z 477 477 o R 2 (1) 
where v is velocity, p is pressure, z is the direction of flow, 11 is viscosity, R is radius, K= 
dp and v0 is the maximum velocity at the center of the tube, as defined by dZ 
KR 2 
Vo =--. 
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Volume flow (V) in a cylindrical tube is given by 
R 
V = f vz (r )2mdr. 
0 
For this system 
and 
R= 
where Q is cross-sectional area, giving 
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Equation 8 predicts the diameter of the silk stream in the channel (d) from the input 
flow rates and device dimensions, where Vsilk is the volumetric flow rate at the si lk inlet, 
Vautlet is the volumetric flow rate at the outlet, and Oauttet is the cross-sectional area of 
the outlet. 
The resulting predictions for the silk stream width in the main channel outlet 
matched very well with experimental data for various silk/PEO flow rate ratios between 
0 and 1 (figure 3.8). Note that the solid line is not a fit, but was directly derived from 
equation (8) . This prediction demonstrates the broad range of fiber diameters that can 
be easily fabricated in the same device by varying the input flow rates. Variation of the 
flow speeds in the channel allowed for control of fiber diameter based on the fluid 
hydrodynamics in the elongational flow region within the channel. The degree of 
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focusing of the silk solution stream was highly dependent on the relative silk and PEO 
solution flow rates. 
3.3.3. Effects of methanol coagulation on fiber diameter. 
As the fiber passed through the methanol reservoir, the treatment strengthened 
the fibers and caused additional dehydration, resulting in a decrease in cross-sectional 
area. The addition of a hydrophilic alcohol caused the molecular chains of the silk fibroin 
to quickly and strongly interact with one another.14 Silk dehydration in methanol has 
been studied previously for other forms of silk/5' 103 including thin films/5 and it has 
been shown that dehydration increases nonlinearly with time to a plateau region. The 
time dependence of diameter reduction was quantified for this system (figure 3.9). We 
observed that after -25 s the plateau region was reached and full coagulation had 
occurred. Based on these results, a coagulation time of 30 s was used for all fiber 
fabrication. 
For a 30 s coagulation time, the diameter of dry fibers was approximately 32% of 
the predicted silk stream diameter. Additionally, when dry fibers were rehydrated, they 
swelled by 36% of their dry diameter. Interestingly, this reduction and swelling did not 
depend on initial silk stream diameter. 
Equation (8) predicts the pre-methanol treatment diameter for a given set of 
device dimensions and input flow rates, and diameter reduction from methanol 
exposure was considered in conjunction with these predictions to calculate the 
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expected final fiber diameter for either dry or wet applications. The flow parameters 
needed to fabricate a fiber with a carefully controlled diameter can be easily 
determined. 
3.3.4. Fiber fabrication. 
In addition to flow rate variation, fiber diameter can also be tuned by post-spin 
drawing which is used for many other materials and has been shown to alter resulting 
mechanical properties. Inspired by an integra l step in many forms of spider silk 
spinning, 112 an optional drawing step was used to strengthen the fibers, while also 
reducing their diameters. To investigate the effects of varying flow rates and fiber 
drawing on silk properties and structure, a 400 ~-tm wide channel was used to fabricate 
fibers of constant diameter. Flow rates were varied to control the diameter in the range 
of 20 to 45 ~-tm . Drawn fibers were fabricated with control flow velocities of Vsuk = 0.22 
mm/s and Vpw = 0.62 mm/s, chosen from within the range previously investigated, and 
collected three times as fast as undrawn fibers as described in the experimental section 
(for a drawing ratio of 3). Drawing resulted in diameters as small as 10 ~-tm which is on 
par with native silk. 
3.3.5. Mechanical characterization of silk fibers. 
The qualitative differences in mechanical behavior can be seen from 
representative stress-strain plots for undrawn RSF fibers, drawn RSF fibers and native 
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fibers (figure 3.10.a-c). Note the different y-axis scales. The native fiber illustrates typical 
silk behavior with an initial elastic region, a deformation region, and finally an uncoiling 
region prior to failure. The uncoiling region is also seen in drawn fibers but is missing 
from undrawn fibers. 
Mechanical characterization of the silk fibers illustrated the range of potential 
properties that can be achieved. Single fiber uniaxial tensile testing of native B. mori silk 
showed a Young's modulus of 13 GPa, failure stress of 590 MPa, failure strain of 11% 
and average as-spun diameter of 12 J.lm. These results fit well within the range of 
previously reported values,9'12'17'75' 109 and thus validated the chosen testing technique. 
The regenerated silk fibroin (RSF) fibers fabricated in this device were easy to handle, 
but they were not as strong as their native counterparts. The results of mechanical 
testing are summarized in figure 3.10.d-f. Fibers are grouped by diameter with drawn 
fibers represented by white boxes and undrawn fibers from various flow rates 
represented by black boxes. Each 5 J.lm grouping has minimum N=3 and error bars 
represent standard error. 
Figure 3.10 illustrates the reproducibility of mechanical properties for fibers 
between 20 and 45 J.lm in diameter. Mechanical properties including Young's modulus, 
failure stress and failure strain of undrawn fibers remained fairly constant across various 
flow rate ratios (black boxes). Thus this fabrication technique allows us to decouple 
mechanical properties and diameter for independent variable control. 
Drawing the RSF fibers led to a significant and expected increase in Young's 
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modulus75 along with a decrease in diameter, and brought both values closer to those 
for native B. mori fibers. Drawing also increased the failure strain to match or exceed 
that of native silk. This can be attributed to the large uncoiling region that partially 
mimics the mechanical behavior of native silk and is not present for undrawn fibers 
(figure 3.10.a-c). This may be due to the uncoiling of intra-molecular ~-sheets that plays 
a large role in natural silk, especially in the strain hardening of spider silks.113 Undrawn 
and drawn fibers can be viewed as both extremes of a spectrum of potential properties, 
presenting a broad range of possible Young's moduli, failure stresses, and failure strains 
that can be tuned for tailored applications. 
3.3. 6. Structural characterization of fibers. 
Despite property changes due to fiber drawing, the microfluidically fabricated 
RSF fibers still did not rival native silk properties. The fundamental step in natural silk 
fiber formation is the transformation of the protein solution into the highly organized, 
~-sheet rich secondary structure which is responsible for the unique properties of silk. 
Therefore, we were interested in comparing the secondary structure and organization of 
our fibers with native silk, particularly ~-sheet content and alignment; we used Fourier 
transform infrared spectroscopy (FTIR) and wide angle x-ray scattering (WAXS) to 
investigate the secondary structure of the RSF fibers fabricated with our device. 
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3.3.6.a. Fourier transform infrared (FTIR) spectroscopy. 
Silk fibroin is composed of a long repetitive chain of amino acids with many 
amide bonds11' 12' 101' 103 and FTIR absorption spectra illustrate the organization of these 
bonds in a variety of secondary structures (i.e., a-helix, ~-sheet).75'110 The amide-1 band 
of the FTIR spectra (from 1720 to 1580 cm-1) contains numerous overlapping 
absorbance peaks, each corresponding to a specific secondary structure.15' 25' 114 There 
was a shift in the composite amide-1 peak for native and both drawn and undrawn RSF 
fibers to lower wavenumbers compared to 8% w/v RSF solution, which was indicative of 
an increase in ~-sheet content within the fibers (figure 3.11.a). Interestingly, the overall 
shape of the peak for drawn fibers was different from that of native and undrawn fibers. 
This characteristic shape indicated that while there was a significant ~-sheet content in 
the sample, there was also a large contribution to the signal from silk-1 conformations. 
Silk I, a hydrated type II ~-turn structure, is the key intermediate structure for forming 
mechanically robust natural silk fibers.115 
Fourier self deconvolution (FSD) results further clarified the structural 
differences by resolving the component peaks for each structure type within the 
band.25' 101' 114 Variation of the parameters of the FSD (including bandwidth and 
enhancement factor) further validated these findings. The assignment of each peak to 
its corresponding structure type were based on previous work. 101'116 Because the area of 
each peak is proportional to the amount of that structure in the sample, normalized 
area provided a direct measure of structural content.116 The native fibers were found to 
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be 54% ~-sheets, which matches well with previous work. 13' 103 FTIR measurements 
showed that the 8% RSF solution contained 20% ~-sheets. Additionally, the ~-sheet 
content for all undrawn fibers remained approximately 49% with no significant 
differences between flow rates, indicating similar internal structure for fibers of various 
sizes. This large increase from the 8% solution confirmed the formation of ordered 
structures within the device and methanol bath. Methanol coagulation alone cannot 
cause the formation of the silk-11 ~-sheet structure/02 but rather acted in conjunction 
with assembly within the device and further strengthened the ~-sheet structures. FTIR 
experiments confirmed the transition from silk solution to ~-sheet-rich structure in the 
undrawn RSF fibers, which contained almost as many ~-sheet structures as B. mori 
fibers. 
Interestingly, drawn RSF fibers contain 42% ~-sheets, slightly less than their 
undrawn and native counterparts. It should be noted that the fibers were drawn as they 
were fabricated (not drawn in the channel}, and the lower ~-sheet content does not 
necessarily indicate that ~-sheets were formed and then disrupted via drawing. This 
difference was likely due to the inclusion of the silk I structural elements which were 
present in these fibers and act in conjunction with the ~-sheets to provide the increased 
failure stress and failure strain seen in mechanical testing. 
The 3% w/v PEO solution was chosen for the outer stream solution to meet 
certain design criteria, including to match the viscosity of the silk solution to simplify the 
flow in the device and also because it is inexpensive, readily available, and its pH can be 
57 
easily altered. Unlike sericin, the material used by B. mori silkworms to spin their fibers 
that has been implicated in unfavorable immune responses/17 PEO is a biocompatible 
material so it is an excellent choice for fabricating materials that may be used in vivo. 
While the presence of PEO would not be harmful, it may affect mechanical and surface 
properties and steps were taken to ensure that PEO was not present in the final fibers. 
Laminar flow dominated within the microfluidic channel, preventing the diffusion of the 
large molecule into the silk stream. Additionally, a washing step was included in the 
fabrication process to remove any residual PEO from the fiber surface. To demonstrate 
the absence of PEO in our fibers, full FTIR spectra are shown in figure 3.11.b-c. The 
spectrum for our PEO solution shown in figure 3.11.b matches the well-characterized 
and previously published PEO spectrum, with dominant peaks at 2900 em-\ 1460 em-\ 
1104 cm-1 and 850 cm-1• 118' 119 Figure 3.11.c shows full FTIR spectra for undrawn RSF, 
drawn RSF and native silk fibers. The characteristic PEO peaks are not present, and there 
are only slight differences between the three spectra due to the differences in the 
secondary structure and organization of the silk fibroin, not due to the presence of PEO. 
3.3.6.b. Wide angle X-ray scattering (WAXS) . 
To augment structural information from FTIR results, wide angle X-ray scattering 
(WAXS) was used to investigate the organization of the secondary elements within the 
fiber which can significantly affect the mechanical properties. The WAXS results further 
revealed the secondary structures present and their organization within native and RSF 
58 
fibers. The WAXS profiles for native, undrawn and drawn RSF fibers produced in 
microfluidic devices were similar, with the predominant peaks for all three types of 
fibers found at q=14.5 nm-1 and q=17.25 nm-1 (figure 3.12.a-c). WAXS profiles can be 
used to determine the characteristic distances in ordered materials. This spacing is 
different for each type of secondary structure found in silk, and various d-spacing values 
have been attributed to the common structures in silk-1 (a-helices, random coils and 
globular proteins) and silk-11 (rich in highly ordered ~-sheets) conformations. The peaks 
present at q=14.5 nm-1 and q=17.25 nm-1 corresponded to d-spacing values of 0.36 nm 
and 0.43 nm, respectively. Both of these values have been attributed to ~-sheet 
content and silk-11 conformations2A'14'102'103 and are inherent to native silk fibers. These 
results complemented the FTIR findings and further validated the predominance of silk II 
structure within all three fiber types. 
WAXS also provided information about the alignment of elements within the 
fiber. The peak intensity at q=14.5 nm-1 of the 2D x-ray patterns was plotted versus the 
azimuthal angle to illustrate ~-sheet orientation. A fiber lacking preferential orientation 
will have isotropic intensity in all directions and the plot of intensity vs. azimuthal angle 
will be relatively constant. However, an aligned fiber will have peaks in the intensity vs. 
azimuthal angle plot that indicate the direction of orientation within the fiber. 
Alignment along the fiber axis will result in intensity peaks 180° from each other. Figure 
3.12.d-f shows intensity profiles for the dominant silk-11 peak for undrawn RSF, drawn 
RSF and native fibers. Undrawn fibers showed no ~-sheet alignment, whereas drawn 
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fibers showed some alignment in the direction of the fiber drawing. Native fibers also 
had a large degree of alignment along the fiber axis. These results suggested that 
alignment of ~-sheets within the fiber was responsible for the enhanced strength of 
drawn fibers, but this alignment was not as strongly oriented as in native fibers, and 
these structural differences contributed to the remaining disparities in the properties of 
the two fiber types. The effects of drawing was attributed in part to additional 
alignment of fibroin molecules along the fiber axis.10' 12' 19'75 Overall, slight differences in 
structural content that arise from drawing fibers in the wet-state, including the 
presence of silk-1 structure, contribute to enhanced failure strain of drawn RSF fibers, 
and alignment of ~-sheet crystals was induced during drawing enhancing the failure 
stress of these fibers. 
3.7. Summary and conclusions. 
The microfluidic fabrication technique presented here offers control over 
processing parameters, while also providing versatility for fiber customization. The 
diameter of the fibers produced depends on the dimensions of the channel and the 
extent of hydrodynamic focusing at the microfluidic device cross region. Additionally, 
the fiber can be drawn to alter mechanical properties and increase Young's modulus.75 
Fibers for different applications require unique properties such as failure strength, 
failure strain and Young's modulus. For example, fibers with load bearing functions will 
need to withstand high stresses without failure; fibers for applications such as 
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components within a synthetic blood vessel under pulsatile flow will need to be highly 
extensible; and fibers for tissue engineering scaffold fabrication require a specific 
Young's modulus for the appropriate cellular response. 12° Fiber diameter will also affect 
cellular response in tissue engineering applications and may be critical for other uses, 
including textiles. 
Simple changes in the processing parameters allow for the straightforward 
customization of fiber diameter, while a va riable drawing process can tune the fiber 
mechanical properties across a range from low density polyethylene and 
poly(tetrafluoroethylene) up to values close to native silk. These fibers can be easily 
collected with a variety of methods to facilitate the fabrication of two- and three-
dimensional constructs for applications from tissue engineering scaffolds to low weight 
insulation. The ability to tune diameter and modulus across a large range also enables 
the independent variation of these parameters. Additionally, by varying the flow rates in 
the channel, fibers of many different diameters can be fabricated from the same device 
without any additional equipment or set-up time. Very long continuous fibers can be 
fabricated with varying diameters along their lengths to create diameter gradients or 
other patterns for tailored material applications. 
Additionally, the small volumes required for this spinning process make it a 
useful tool for the investigation of the fiber forming capabilities of various recombinant 
silk sequences in the future. Fibers can easily be fabricated from as little as 50 J.ll of 
aqueous silk solution and fully characterized mechanically and structurally as described, 
61 
making this system a potential, complete and inexpensive screening tool for synthetic 
silk engineering. The technique eliminates the need to produce bulk quantities of each 
potential sequence, greatly reducing the cost and time required to investigate 
recombinant sequences and facilitating the understanding of how varying the sequence 
will affect the structure and the resulting properties. These sequence-structure-property 
relationships can be utilized to determine the slight changes in the protein sequence 
necessary to redirect silk assembly to more closely mimic or even exceed the properties 
of native silk. 
This microfluidic device is not limited to fiber fabrication, and can also provide a 
means to investigate conformational changes in numerous biopolymers of interest, 
including collagen and elastin. The optical transparency of the PDMS surfaces allows the 
investigation of processes occurring within the channel by various techniques such as 
polarized light microscopy.95'101 Additionally, PDMS channels fabricated with Kapton 
covers are ideal for the real-time study of fibrillogenesis using synchrotron microfocused 
beams at various positions within the channel to monitor structural transitions.52•121 
Such studies would further clarify silk fibroin and other protein molecular transitions. 
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3.8. Figures. 
Figure 3.1: Diverse silk substrates. Both regenerated and recombinant silks can be 
processed in a variety of ways to form substrates including sponges, gels, fibers, films, 
microspheres, and tubes for various applications. Figure adapted from Rockwood et al.35 
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Figure 3.2: Natural silk spinning and fiber structure. (a) Silk fiber spinning is facilitated 
in the silkworm gland by a narrowing of the cross section of the lumen as well as a drop 
in pH along the length of the gland. (b) Schematic of the parameters required for silk 
spinning in nature, which must be considered in the design of synthetic spinning 
approaches. (c) The organization of secondary structure elements within the silk fiber is 
very important and closely tied the macroscale mechanical properties. Figure adapted 
from Wong Po Foo et al.1 and Bratzel et al.122 
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Figure 3.3: Microf/uidic approaches to polymer fabrication. Previous microfluidic 
approaches have been used to fabricate silk and polymer particles and fibers. {a) A 
microfluidic flow focusing method was used to fabricate regenerated silk microspheres 
with a lot polydispersity index. {b) Silk microspheres fabricated with this microfluidic 
device. Figure adapted from Breslauer et al.84 {c) Poly{methyl methacrylate) fiber 
fabricated using a complex microfluidic focusing method that allows for precise control 
of cross sectional area and shape. Figure adapted from Golden et al.85 {d) Recombinant 
silk fiber fabricated via microfluidics from the recombinant silk mimics eADF3 and eADF4, 
mixed 10:1. Figure adapted from Rammensee et al.21 
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Figure 3.4: Schematic of multi-layer silicon wafer mold design. Each device mold is 
made of two distinct layers. The first layer contains three inlets and one outlet. The 
second layer contains only one inlet and the main outlet. The second layer is carefully 
aligned with the first to create a continuous volume in the areas where both layers are 
present (right inlet and outlet}. When two patterned PDMS pieces are aligned face to 
face, the resulting channel is tiered. 
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Figure 3.5: Device design and fabrication . The microfluidic device is designed to mimic 
the silkworm silk gland. (a} Schematic of the channel with selected cross sections 
illustrates 3-D multilayer design (scale bar 400 !-lm}. (b) The device, fabricated from 
poly(dimethylsiloxane} (PDMS}, has three inlets (tubing attached for fluid transfer} and 
one outlet into a reservoir (scale bar 1 em}. (c) The device is secured to the bottom of a 
petri dish with vacuum grease to prevent it from floating in the coagulation bath . A 
custom frame with a movable, freely rotation Teflon rod is used to guide the fibers 
through the bath and ensure uniform coagulation before drawing or additional post-
spin treatment . 
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Figure 3.6: Schematic of fiber loading for mechanical testing. {a) Small paper frames 
were cut to act as support for the fibers during the process of loading them on to the 
lnstron. {b) Individual fibers were placed on top of a frame and {c) secured in place with 
epoxy. {d) Once the epoxy had dried, the frames were loaded on to the lnstron via the 
standard sample clamps. {e) The sides of the frames were carefully cut. {f) The lnstron 
control software is used to move the clamps to stretch the fiber uniaxially as described 
in detail in the text. 
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Figure 3.7: Flow in device and fiber fabrication. (a) Flow in the device during use 
illustrates the hydrodynamic focusing of the silk solution stream at the cross 
intersection (scale bar 200 ).lm). (b) Regenerated silk fibroin (RSF) fibers fabricated in the 
device have smooth surfaces and consistent diameters (scale bar 100 ).lm). 
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Figure 3.8: Prediction of silk stream diameter. Prediction of the silk stream diameter, 
based on flow behavior in the device, is dependent on the relative flow rates of the 
incoming silk and PEO solution streams. The solid line represents diameter prediction 
and points show observed diameters. Experimental measurements match well with 
predictions as shown. Error bars show standard error. 
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Figure 3.9: Effect of coagulation time on fiber size. Methanol acts to coagulate the silk 
fibers in a time dependent manner that demonstrates plateau behavior. Complete 
coagulation and maximum radius reduction was achieved at coagulation times of 25 s or 
more. 
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Figure 3.10: Mechanical characterization of silk fibers. Representative stress-strain 
plots are shown for undrawn RSF fibers (a), drawn RSF fibers (b), and native silk fibers (c). 
Young's modulus (d), failure stress (e) and failure strain (f) were calculated from these 
plots and grouped by fiber diameter for undrawn, variable flow rate RSF fibers (black 
boxes) and drawn RSF fibers (white boxes). N=3; Error bars show standard error. 
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Figure 3.11: Structural characterization of silk fibers via Fourier transform infrared 
spectroscopy (FTIR). FTIR spectra for 8% RSF solution, undrawn RSF fibers, drawn RSF 
fibers and native B. mori fibers illustrate the secondary structures present. (a) The shift 
of the peak of the amide I band (1580 to 1720 cm-1) to lower wavenumbers indicates 
higher ~-sheet content in both native and RSF fibers compared to 8% RSF solution. The 
characteristic shape of the drawn RSF fibers ind icates silk I content that is absent from 
undrawn fibers. (b) Full FTIR spectrum for PEO film. (c) Full FTIR spectra for undrawn and 
drawn RSF fibers and native silk illustrate that PEO is not present in any of the fibers. 
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Figure 3.12: Structural characterization of silk fibers via wide angle X-ray scattering 
(WAXS}. WAXS profiles for undrawn RSF fibers (a), drawn RSF fibers (b) and native 
Bombyx mori silk fibers (c) are very similar, with both main peaks at q=14.5 nm-1 and 
q=17.25 nm-1 corresponding to large ~-sheet content. Intensity plots (q = 14.5 nm-1) vs . 
the azimuthal angle for undrawn RSF fibers (d), drawn RSF fibers (e) and native Bombyx 
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mori silk fibers (f) illustrate differences in fiber orientation that are partially responsible 
for different mechanical properties. 2D diffraction patterns for each sample type are 
shown in (g-i). 
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Chapter 4: AIM 2 
Using the technique developed in aim 1, we fabricated RSF fibers for use 
in tissue engineering applications 
4.1. Motivation. 
4.1.1. Principles of tissue engineering. 
Tissue engineering involves the design and development of novel biological 
substitutes that can replace or repair damaged or malfunctioning tissues. An important 
factor for any tissue engineering application is the interaction between the cells (living 
component} and the scaffold (non-living component} of the engineered tissue.37 Scaffold 
design can be exploited to control cell behavior in a bottom-up manner and affect 
parameters such as cell alignment, shape, proliferation and phenotype. Additionally 
scaffolds can provide structure and support for the tissue as it develops and after it is 
implanted. Depending on the application, scaffold design can focus on one or both of 
these approaches. Scaffold design is a key component of tissue engineering approaches 
that aim to mimic native tissue organization to recapitulate tissue properties and 
behavior. Silk scaffolds in the form of films, 96 sponges/23 and fibers124 have been utilized 
for tissue engineering applications ranging from neuronal development to cornea 
replacements. 
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4.1.2. Silk for cell guidance and bottom up control of cell behavior. 
Controlling cell orientation, migration and differentiation is an important aspect 
of tissue engineering. Silk fibers and patterned films have been utilized for this type of 
cellular control. Huang et al. used silk fibers to successfully guide cells to promote 
excellent axonal regeneration for peripheral nerve injuries (figure 4.1.a}. 124 Silk films 
with complex patterns were used to replicate corneal stromal tissue architecture (figure 
4.1.2). These films were designed to mimic the dimensions of corneal collagen lamellae 
and used to successfully guide fibroblast alignment and tissue development.96 Both of 
these applications illustrate the implementation of methods to control cell behavior in 
order to mimic native tissue organization. Cell alignment on a scaffold during tissue 
growth has also been shown to influence ECM alignment and mechanics in the final 
tissue. 29 
4.1.3. There is a need for a structural support layer for a tissue engineered vascular 
patch {TEVP). 
A specific application of interest is the development of a tissue engineered 
vascular patch (TEVP). Approximately 1% of children are born every year suffer from 
some type of congenital heart defect, a structural abnormality which can impair proper 
blood flow and nutrient deliverl25' 126 and may lead to further heart complications.127 A 
common approach to reinstate blood flow in many cases is to use vascular grafts to 
replace or augment the damaged or malfunctioning tissues. Since the availability of 
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autologous tissues is limited, these grafts are often made from synthetic polymers or 
acellular homograft or xenograft tissues, which are prone to complications such as 
immune response, thrombosis, and calcification. Additionally, since many patients 
suffering from these defects are newborns or infants, repeat surgeries are required 
throughout the life of the patient as they outgrow the implanted grafts. Each surgery 
increases the possibility of complications while also adding pain, stress and expense. As 
a result, focus has turned to a possible alternative- designing an engineered tissue graft 
that could replace these currently used materials. The desired criteria for this type of 
graft are that it be 100% living tissue that can be remodeled and grow with pediatric 
patients while also strong enough to be manipulated and sutured and behave 
appropriately in vivo. 
While scaffold based-approaches to tissue design have been highly successful for 
certain applications, the non-living components prevent the tissue from growing and 
remodeling. As a result, cell-based tissue design is a more suitable approach for this 
application. Much progress has been made in the area of cell-sheet engineering, where 
a variety of substrates are used to control cell and ECM organization in a fully living cell 
sheet. Cell sheet approaches to tissue engineering are based on the principle of 
designing each layer (or sheet) independently and assembling the complex, highly 
ordered layers to recapitulate the overall tissue architecture. Isenberg et al. 
demonstrated the use of physical cues on the surface to control cell organization that 
results in ECM alignment and anisotropic mechanics that mimic a layer of the media of a 
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blood vessel. 29 Williams et al. utilized thermo-responsive patterned surfaces to similarly 
fabricate organized cell sheets and stack multiple sheets at controlled orientations to 
begin the process of assembling a complex, multi-layer tissue for use as a vascular 
patch .28 Despite these advances in cell sheet approaches, there are still limitations that 
affect the tissue design. Without including vasculature within the designed tissue, 
nutrient delivery occurs solely through diffusion into the construct, thus limiting the 
number of sheets that can be stacked, or overall construct thickness. Additionally, even 
multiple sheets stacked together are still relatively weak compared to native vessels, 
and issues with tearing make it impossible for these constructs to be sutured in place. 
Based on these limitations, there is a need for an additional layer that could be included 
in the tissue construct to support the organized cell sheets during suturing and as they 
remodel and become stronger in vivo. This layer must be completely biological and 
biodegradable, so that after remodeling the patch can grow with the patient in pediatric 
cases. These design criteria, along with the excellent mechanical and structural 
properties of silk, make it an excellent material choice for designing this structural 
support layer for an engineering tissue construct. While we a specifically interested in a 
TEVP, the concept of cell sheet engineering and modular tissue design could be applied 
to many other tissue systems. 
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4.1.4. The microfluidic approach developed in aim 1 is an excellent fabrication method to 
produce silk fibers for various tissue engineering applications. 
While there are many considerations for tissue design, one of the most 
important is the relationship between the complex architecture of the native tissue and 
its properties and function. In Aim 1 we developed a microfluidic method to fabricate 
silk fibers with controlled properties. The ability to tune properties like mechanics and 
diameter independently is of particular interest for tissue engineering since these are 
important for cell scaffold interaction. The versatility of processing parameters and 
optional post-spin treatment, along with the reproducibility of this fabrication method, 
make it an excellent choice for silk fiber scaffold design. Additionally, the potential to 
later add biologically active sites and growth factors to the spinning dope via 
recombinant technology, or spin other important ECM materials such as collagen and 
elastin illustrate the potential impact of this production method for tissue engineering 
applications. 
The goal of this aim was to optimize the spinning process introduced in chapter 3 
for the production of silk fibers for various tissue engineering applications. Individual 
fibers were used to investigate silk-cell interactions and the effect of fibers on cell 
orientation and elongation, both of which are important factors for bottom-up tissue 
design. Arrays of silk fibers were incorporated in to cell sheets to provide additional 
structure and mechanical support. A non-woven silk mesh was designed to act as a 
scaffold support layer for a multi-layer cell sheet construct. 
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4.2. Materials and methods. 
4.2.1. Materials and spinning conditions. 
Solutions for flow (RSF and PEO) were made as described in section 3.2.1. 
Devices were designed and fabricated as described in section 3.2.2. Flow rates of 0.22 
mm/s for silk and 0.62 mm/s for PEO were found to be the most stable in the device, 
resulting in continuous flow and fiber fabrication with fewer issues such as clogging. The 
microfluidic channel was secured in a petri dish, submerged in a methanol bath (as 
described in section 3.2.1) and the moveable rod was utilized to control the duration of 
fiber coagulation (figure 3.5). 
4.2.2. Optimization of silk fiber drawing. 
A motorized system was designed to collect fibers by winding them continuously 
around a rotating, cylindrical mandrel at a controlled speed. The rotation speed and the 
circumference of the mandrel determined the speed of fiber collection and thus 
drawing rate. A simple motor with variable voltage input and maximum rotational speed 
of 4 rpm was used to control mandrel rotation (McMaster Carr, Cleveland, OH). Teflon 
mandrels (McMaster Carr, Cleveland, OH) of two diameters were used- 1/2" and%"-
depending on desired drawing rate. The mandrels had hollow cores and were easily 
attached to the rotating motor shaft. We observed in chapter 3 that drawing fibers 
increased their mechanical properties. The silk fiber drawing rate was varied from 3 to 
10 to determine the best conditions for fiber collection. For each drawing rate, the 
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distance between the rod and outlet was altered to maintain a 30 s coagulation time. 
4.2.3. Characterization of silk fibers. 
Based on observations from varying the speed of fiber collection, a drawing rate 
of 5.5 was chosen for fiber fabrication. Fibers were collected at this rate and imaged as 
described in section 3.2.6. Mechanical characterization of these fibers was carried out as 
described in section 3.2.7. 
4.2.4. Collection of fibers. 
For all subsequent studies in this chapter, fibers were collected at a drawing rate 
of 5.5 as described in this section. A thin PDMS film was attached to the mandrel prior 
to spinning to facilitate fiber handling. PDMS was mixed at a 10:1 base to curing agent 
ratio and cast into a 100 mm petri dish (Fisher Scientific, Pittsburgh, PA) . Approximately 
8 ml of PDMS was used to coat the entire surface of the dish and make a flat film 
approximately 0.2 em thick. The PDMS was degassed for 1 hr and baked at 65°C for 1 hr 
to cure. From the cured film, a 6 em by 6 em square was cut (size chosen to match the 
circumference of the %" mandrel which is -6cm). This film was wrapped around the 
mandrel to completely cover the surface (Figure 4.2). The edges were held in place with 
tape to prevent them from protruding or interfering with fiber collection. Rubber bands 
were wound around the two ends of the film to secure it during fiber collection but 
allow for easy removal afterwards. Fibers were collected around the mandrel as needed 
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for the individual experiments. After spinning, the tape was cut carefully so as not to 
disturb the fibers, the rubber bands were removed, and the film with the fibers was 
removed from the mandrel. The result was a thin PDMS film with multiple aligned 
individual silk fibers on it (figure 4.2.c). The density and spacing of the fibers was 
controlled through lateral motion of the mandrel. Throughout this process, the fibers 
remained on the film, but were not stuck to it. They were easily removed with tweezers 
for characterization, or kept on the film for subsequent cell experiments. 
4.2.5. Investigation of the effect of silk fibers on cell orientation and alignment. 
To investigate the effect of the fibers on cell behavior, bovine vascular smooth 
muscle cells (bVSMCs) were used. This cell type was chosen based on previous cell sheet 
approaches which utilize these cells as an appropriate model for their human equivalent. 
bVSMCs (passage 4) were attained from the Nugent Lab at Boston University. These 
cells were plated onto 100 mm tissue culture treated dishes (Fisher Scientific, Pittsburgh 
PA). Cells in culture were given low glucose Dulbecco's Modified Eagle Medium (DMEM; 
Gibco Invitrogen, Calsbad, CA) supplemented with 10% bovine serum albumin (BCS; 
lnvitogrogen), 1% penicillin-streptomycin (Invitrogen) and 1% L-glutamine (Invitrogen). 
Medium was changed three times a week and cells were passaged upon reaching 
confluency. Cells of passage 6 to 9 were used for all subsequent experiments. For this 
cell type, normal behavior has been noted for passage numbers as high as 20. 
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4.2.5.a . Substrate fabrication. 
To fabricate substrates for these studies, silk fibers were collected on thin PDMS 
films as described in section 4.2.4. For each PDMS film a minimum of ten fibers were 
used, with no fiber overlap. Fibers were equally spaced along the length of the film. The 
film was removed from the mandrel and samples were prepared for cell seeding as 
follows. Two samples were derived from each film. Thick PDMS films were cast to act as 
sample frames. For these films, approximately 15 ml of PDMS mixed at a base to curing 
agent ratio of 10:1 were cast into a 100 mm petri dish. After 1 hr of degassing and 1 
hour baking at 65°C, the resulting film was approximately 0.5 em thick. Square pieces of 
3 em by 3 em were cut from this film. An area of 1.5 em x 1.5 em was cut from the 
middle of these pieces, creating a frame (figure 4.3.b). Each frame was rinsed with 
ethanol and water and dried with compressed air to remove debris. Two frames were 
places on one silk-holding thin PDMS film (figure 4.3.c). With pressure on the frames, 
the fibers and thin film were cut down the middle (between the two frames) to separate 
the two samples. The pressure on the frame kept the silk fibers from being disturbed. 
The segments of this PDMS film were further cut to match the size of the 3 em by 3 em 
frame. The result of this process is illustrated in figure 4.3.d. 
To keep the pieces of each frame and the fibers in place during the entire 
experiment, small binder clips were used to hold the frame together. Four clips were 
used as illustrated in figure 4.3.e. The clips were placed slightly away from the edge of 
the frame well (where the cells I media would be added) in order to prevent contact 
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between the plastic clips and the cell environment, and also to ensure that the well 
would not leak. The plastic clips were sterilized via ethanol soaking and evaporation 
prior to being placed on the frame. After being put in place, the metal handles of the 
clips were removed . 
4.2.5.b. Cell seeding. 
Prior to cell seeding the sample substrates were sterilized as follows. Each 
sample frame area was sprayed gently with 70% ethanol and wiped clean before placing 
them in the sterile tissue culture hood. Inside the hood, the well area was filled with 
ethanol and the fibers and PDMS surface were soaked for 30 minutes. Almost all of the 
ethanol was removed and the last amount was allowed to evaporate. The sample well 
was gently rinsed with PBS twice to remove any residual ethanol which could be 
detrimental to cell behavior and also to remove and debris. Throughout this process the 
fibers were held in place by the frames and clips. The fibers do, however, swell upon 
rehydration. The fibers were collected on the mandrel in their dry state, and rehydration 
(discussed in chapter 3) causes swelling and slight movement of the fibers since they 
were not stuck to the PDMS surface. As a result the fibers were oriented primarily in the 
same direction but slight variations due to th is loosening did occur. 
Prior to seeding the bVSMCs were stained with cell tracker green CMFDA (5-
chloromethylfluorescein diacetate, Invitrogen). This cell staining was utilized to ensure 
differentiation between cells and fibers, as it was difficult to see some cells that 
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attached to fibers and aligned along them with fluorescently labeling them. The benefit 
of cell tracker is that the cells remain stained for up to 72 hours and they can be stained 
prior to seeding, eliminating additional washes and steps that could disturb the f ibers or 
cells. The protocol for staining cells was as follows. Cells were passaged, counted and 
spun down. A solution of the CMFDA was prepared by thawing the frozen single-use vial 
to room temperature and adding 11 1-!L of sterile DMSO. This solution was diluted with 
11 ml of warm serum free media for a final concentration of 10 1-1M. This concentration 
was determined to be optimum for staining this cell type for imaging on silk from our 
trial and error from our previous work. The spun-down cells were re-suspended in the 
CMFDA solution and incubated at 3rC for 45 min. The solution was spun down again 
and re-suspended with fresh, warm, supplemented media. The amount of media used 
was calculated based on the number of cells and desired final cell concentration in the 
suspension. For this work, we used 25,000 cells per 500 1-!L well volume, or 50,000 cells 
per ml. Before seeding the cells onto the sterile substrates, the cell suspension was 
once again incubated for 30 min. This was an integral step to allow excess stain to be 
secreted from the cells. After this incubation, cells were seeded on to each substrate by 
carefully placing 500 1-!L of cell suspension (containing 25,000 cells) into each 1.5 em by 
1.5 em well. The cells were allowed to attach overnight and imaged after 24 hours. 
Empty frames (with no silk) were fabricated and seeded in the same manner for 
comparison. 
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4.2.5.c. Fiber and cell imaging. 
After 24 hours, cells and fibers were imaged with an Axiovert 5100 inverted 
microscope. Fiber images were taken with phase contrast at 10 x. Cell images were 
taken with FITC illumination at 10 x with an exposure time of 2 s to attain sufficient 
fluorescent signal. Both phase contrast and fluorescent images were taken for each 
location and overlayed for analysis. For each frame {6 with silk, 6 without) 10 images 
were taken. 
4.2.5.d. Image analysis. 
A total of 150 cells for each condition (cells on silk and cells only) were analyzed. 
To ensure unbiased cell choice the cells were chosen as follows. For the cells with fibers, 
only cells that contact the fiber were measured to determine the effect of contact with 
the fiber on cell orientation and elongation. The fiber was followed from either the top 
or the right side of the image (depending on the orientation of the frame in the field of 
view). The first 6 cells that contacted the fiber whose complete outline could be 
determined were the cells that were measured. A maximum of 6 cells were measured 
within one image, but many images had fewer cells. For the silk-free frames, a straight 
line was overlayed across the middle of the image to serve as a guide for selecting cells 
to measure. The first 6 cells that intersected this line were measured. A maximum of 6 
cells were measured within one image, but many images had fewer. 
For each cell, the angle between the cell axis and either the fiber axis or the 
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imposed reference line was measured. For cells on fibers the value for the angle was 
indicative of alignment of the cell with the fiber. For cells alone on PDMS, the value for 
the angle was not indicative of specific orientation since the line was imposed arbitrarily 
and was not representative of a factor within the system that could affect cell behavior. 
The distribution of values for these samples was more indicative of overall cell 
alignment. Cell angle was quantified and each cell measured was classified as either 
elongated or spread (examples of both types of cell shape are shown in figure 4.4). 
4.2. 6. Incorporation of silk fibers into cell sheets. 
In order to investigate the incorporation of silk fibers into cell sheets, the same 
collection methods and sample frames were utilized. For these studies, at least 25% of 
the PDMS was covered with silk fibers. Fibers were held in place with PDMS frames and 
clips and sterilized as previously described. Each sample was seeded with 1.5 million 
bVSMCs on day one. Cell only controls were also seeded at this same level. On day two, 
the media was removed from the sample well and the samples were seeded again with 
1.5 million cells . The same process was repeated on day three. Throughout this process 
the cells were treated with ascorbic acid at a concentration of 50 IJ.g/ml to promote 
ECM deposition. After three days, a visible cell sheet was present. This sheet was 
removed from the frame by either gently pipetting media over the surface or utilizing a 
gelatin film. 
88 
4.2. 7. Design of a silk mesh support layer and incorporation into a cell sheet construct. 
In addition to incorporating strong silk fibers into a single cell sheet, we designed 
a silk fiber mesh to layer with multiple cell sheets to provide structural support. For this 
non-woven mesh, silk fibers were collected as previously discussed on a thin PDMS film. 
Fiber density for each mesh was at least covering 50% of the surface. Cell sheets were 
fabricated in the same manner as the silk free sheets described in section 4.2.6.a. Cell 
sheets were cultured for a minimum of three days with ascorbic acid treatment. To 
attach the silk mesh to the cell sheet a PDMS frame was used. The silk fibers were 
collected on a thin PDMS film with multiple arrays of holes in the center 1.5 em by 1.5 
em area. To transfer the silk mesh onto the cell sheet, the top piece of the cell sheet 
containing frame was carefully removed so as not to disturb the sheet, which remained 
intact on the thin PDMS film. The silk on the other thin PDMS film was placed face down 
on top of the cell sheet at the desired orientation. A third piece of PDMS measuring 3 
em by 3 em in size with a 1.5 em by 1.5 em piece cut from its center was placed on top of 
this piece. The three PDMS pieces were secured together with binder clips as previously 
described, and the center well was filled with media. The media was changed twice a 
day due to the limited area of contact with the tissue within the frame. After one day 
the middle layer of PDMS was carefully removed to allow the entire sheet to be 
submerged in media. After two days the fibers were observed to have adhered to the 
cell sheet layer. At this point the silk mesh I cell sheet construct could be removed from 
the substrate by gently pipetting media over its surface. 
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4.3. Results and discussion 
4.3.1. Optimization of silk fiber drawing rate. 
By varying the fiber drawing rate from 3 to 10, we monitored the success of 
stable, continuous fiber collection at various rates. We initially observed a decrease in 
fiber diameter without any loss of fiber stability. Above a drawing rate of 6, fibers began 
to break more frequently during collection due to an increase in tension on the very thin 
fiber. Above a drawing rate of 7 fibers broke immediately after being threading onto the 
rotation mandrel because this higher drawing rate exerted too much force on the fiber 
and drew it to failure. At a drawing rate of 5.5 (for the larger, %" diameter rod) stable 
flow continued for extended periods and fiber collection was easily automated. 
4.3.2. Characterization of silk fibers. 
Fibers collected on the rotating mandrel at a drawing rate of 5.5 had an average 
diameter of 8.25 ± 0.75 11m, slightly lower than the drawn fibers discussed in chapter 3 
which were collected at a drawing rate of 3. These fibers also illustrated an increase in 
Young's modulus to 4.15 ± 0.06 GPa, failure strain to an average of 18.7 ± 0.14% and 
failure stress of 99.17 ± 14.58 MPa. Like their drawn and undrawn counterparts 
previously discussed, the properties of these fibers were highly reproducible (values 
represent mean standard error, N=3}. 
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4.3.3. Orientation and elongation of cells on silk fibers. 
From the images of bovine vascular smooth muscle cells on silk fibers and of cells 
alone, cell angle and cell shape were analyzed for 150 cells per sample type. Examples of 
the two classes of cell shape (elongated vs. spread) are shown in figure 4.4. 
Representative images of cells on silk fibers are shown in figure 4.5. The distribution of 
angles for all cells is shown in figure 4.6. For cells alone, there was a much more evenly 
spread distribution, whereas for the cells with silk fibers there was a sharp peak at oo 
(parallel to the fiber) and a general decrease in the occurrence of angles increasing up to 
90° (perpendicular to the fiber). Cells on silk fibers included any cell that made any sort 
of contact with the fiber, even if only a small part of the cell was interacting with the 
fiber. When the two types of cells were considered separately, a clear trend emerged 
for elongated cells in contact with silk fibers. The most common angle for this type of 
cell was 0° i.e. parallel to the fiber. These included cells on top of the fiber, on the side 
of the fiber, and some that barely touched the fiber but were still parallel to it. 
The average angles for orientation are shown in figure 4.7. For cells on PDMS 
only there was not much variation between the average angles for both types of cell 
shape. It should be noted that the actual value for the average angle for the cells alone 
is not important, since the line relative to which the angle was measured was imposed 
arbitrarily and was not a factor in the system that could affect cell orientation. This data 
shows that elongated cells were more likely to occur parallel to the fiber axis, and the 
overall angle of cells relative to the fiber axis was around 30°. This value, along with the 
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differences between the angles for elongated and spread cells on fibers, clearly show 
that the presence of the fibers affects orientation of the cells, an important factor for 
bottom-up control of tissue design in engineering applications. 
Figure 4.7 also illustrates the relative occurrence of both cells types with or 
without silk fibers. For cells alone on PDMS, two thirds of the cells were spread and one 
third of the cells were elongated. For cells with fibers, there was a 5% increase in the 
occurrence of elongated cells. While this is not a large difference, it does indicate that 
the presence of fibers not only affects cell orientation but also cell shape, and cells in 
contact with fibers were more likely to become elongated. Cell shape is closely tied to 
behavior as well as phenotype (for example, synthetic vs. contractile phenotype for 
SMCs). Further studies would be needed to verify if this effect on cell shape could 
potentially influence behavior or affect phenotype. 
4.3.4. Incorporation of silk fibers into cell sheets. 
When fiber scaffolds were seeded at very high cell densities {1.5 million cells) a 
sheet was formed within three days (figure 4.8) . This was much quicker than alternative 
cell sheet methods which take a minimum of 3 weeks (and up to 10 weeks) to grow a 
sheet that is structurally stable enough to be removed from the substrate. The success 
of this method was based on utilizing the silk fibers as the structural ECM mimic rather 
than relying on the cells to deposit aligned ECM as the sheet grows. Sheets with 
incorporated silk fibers could be removed from the PDMS surface by gently pipetting 
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media over the surface. The sheets subsequently folded up in the media due to 
contraction, but it was evident that the silk fibers were highly incorporated into the 
sheet and upon pulling at fiber ends (which extended beyond the cell sheet as a result of 
how the frames were assembled), the fibers did not delaminate from the sheet. Figure 
4.8 shows the progress of the cell sheet growth day 0 to day 3. When dry (day 0) the 
fibers were well-aligned in the direction of collection and evenly spaced. In solution (cell 
culture media) the fibers were not fully extended due to swelling upon rehydration as 
previously discussed. The fibers remain aligned primary in the direction of collection. 
To test the mechanics of the cell sheets, the intact and extended sheet must be 
removed from the substrate. To do this we attempted to encase the sheet in gelatin, an 
approach that was highly successful for the mechanical testing of other cell sheets. 29 
Unfortunately, the process of encasing the sheet with gelatin had adverse effects on the 
sheets. The gelatin solution permeated the cellular component of the sheet but not the 
silk component. Upon removal of the gelatin encased sheet, the silk fiber delaminated. 
This was unexpected since physical force did not cause this delamination. As a result, 
mechanical testing of the cell sheets with incorporated silk fibers could not be 
completed. However, while quantitative mechanical data is not available, qualitatively 
the cell sheets with silk fibers were visibly more intact and mechanically robust than 
their cell-only counterparts. Additionally, the sheets with silk fibers had fewer holes 
compared to the cell-only sheets. 
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4.3.5. Design of a silk mesh support layer and incorporation into a cell sheet construct 
By utilizing a three piece PDMS frames, dense non-woven silk meshes were 
stacked on top of unorganized cell sheets. The meshes were held in place to allow 
attachment of the cells to the fibers while the holes in the PDMS film allowed for 
adequate media delivery. After one day, the silk was well-attached, and the middle layer 
of the frame was removed. After two days, the silk mesh I cell sheet construct could be 
removed from the PMDS substrate by gently pipetting media over the surface. Like the 
cell sheets with incorporated silk fibers, these constructs contracted and folded up once 
removed from the substrate, and thus could not be manipulated or loaded onto the 
tissue stretcher for mechanical testing. However, these results verified that silk meshes 
can be easily stacked with cell-only sheets or cell sheets with incorporated silk fibers in a 
modular fashion to build a tissue with improved mechanical integrity compared to 
stacked cell sheets alone. 
4.4. Summary and conclusions. 
For any tissue engineering application, scaffold design and cell scaffold 
interactions are important factors. Here, we have utilized our microfluidic silk fiber 
processing technique to fabricate fibers for cell control and scaffold support on multiple 
levels. This technique is especially suited for fabricating these scaffolds because of its 
highly controlled and tunable nature as well as the potential to add biologically active 
components in the future. 
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By investigating the effects of silk fiber orientation on cell orientation as well as 
cell shape, we found that silk fibers affect cell orientation, and the average angle 
between the fiber axis and the axis of the cells was approximately 30°. Elongated fibers 
were much more likely to be completely aligned with fiber direction, and the presence 
of silk fiber caused a 5% increase in the relative occurrence of elongated cells compared 
to spread cells. While further studies are needed to determine if this control of cell 
orientation and shape may influence cell phenotype or other behaviors, these results 
demonstrate the feasibility of utilizing our silk fibers for bottom-up cell manipulation as 
a key factor in tissue design. Additional factors such as fiber diameter and mechanical 
properties could be further tuned easily and independently using this fabrication 
technique (as described in chapter 3) to investigate the effects of these parameters on 
cell orientation, shape, proliferation and differentiation. Additionally, organization and 
density of silk fibers could easily be varied for another dimension of control. 
The incorporation of silk fibers into cells sheets as they grow, as well as the 
successful layering of non-woven silk fiber meshes with non-organized cell sheets, are 
key steps in the fabrication of multilayer tissue constructs that mimic native tissue 
organization. Silk fibers incorporated into cell sheets can be used as ECM mimics. Denser 
silk meshes are very strong and provide excellent support for weaker cell sheets. 
Our results indicate that the silk fibers are well-integrated into the cell sheet or 
attached to the cell sheet in both of these applications. While quantitative measures of 
tissue mechanics are not currently available, qualitative observations illustrate the 
95 
incorporation of the silk fibers and meshes with cell sheets and a clear increase in sheet 
stability is evident compared to cell only counterparts. We do not know how these 
sheets compare to their cell sheet counterparts fabricated by alternative methods with 
longer incubation periods, but these sheets appear to be fairly strong and easily 
manipulated, and the significant decrease in the time required to fabricate sheets that 
contain silk fibers could be a great benefit. Additionally, each of these silk containing 
constructs can be viewed as a new building block for modular multi-layer cell sheet 
tissue engineering approaches, and the potential to design a layered construct made 
from multiple cell sheets with fibers and silk meshes in a highly organized and tailored 
manner is extremely promising. 
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4.5. Figures. 
Figure 4.1: Silk materials for cell guidance in tissue engineering applications. (a) Silk 
fiber to guide axon regeneration in cases of peripheral nerve injuries. Figure adapted 
from Huang et al.124 (b) Complex film surface patterning used to guide fibroblasts to 
mimic the structure of corneal tissue. Figure adapted from Lawrence et al.96 
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Figure 4.2: Schematic of fiber collection with rotating mandrel. (a) A thin PDMS film 
was cast to facilitate fiber handling. The dimensions of the film matched the 
circumference of the mandrel. (b) The film was wrapped around the mandrel and 
secured with tape along the edges (green) and rubber bands at the ends (orange) to 
keep it in place without interfering with fiber collection and facilitat ing easy removable 
after spinning. (c) After the fibers were collected, the tape was carefully cut so as not to 
disrupt the fibers, the rubber bands were removed, and the films with the fibers was 
removed from the mandrel. 
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Figure 4.3: Schematic of sample preparation for cell studies. (a) the PDMS film with silk 
fibers was fabricated as shown in figure 4.2. (b) PDMS frames 0.5 em thick and 3 em x 3 
em with a cut out of 1.5 em by 1.5 em were cut. (c) these frames were placed on top of 
the thinner PDMS films, pressure was applied to hold the fibers in place, and the film 
was cut to match the size of the frame, resulting in 2 sample frames holding fibers (d). (e) 
binder clips were used to hold the frame together throughout the experiment and 
prevent medium leakage from the well . 
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Figure 4.4: Examples of cell shape classifications- spread and elongated. Cells were 
classified as either spread {top) or elongated (bottom). These images show the most 
common shape of spread cells, but there were additional cell shapes present also. 
100 
Figure 4.5: Bovine vascular smooth muscle cells (bVSMCs) stained with cell tracker 
green on silk fibers. Examples of cell interactions with silk fibers. Angle of orientation 
was measured between the angle of the axis of the fiber and the main axis of the cell. 
Cells were classified as either elongated or spread. 
101 
cells on silk fibers 
all cells 
angle 
elongated cells 
30 l 
J::j ~~ .~. ·y, •~. •~.~·~. •y, ·~.~·~· y, l~, ~- ,~·~··~.~. -~.~.~-.. , 
angle 
spread cells 
15 
J 1: j I 
• _I .II IIIII. II. I I o ~.~. y. ~.~. y, ~. ~.~. y. ~.~. y, ~. ~.~. ~~~~ 
angle 
20 
~ 15 
!I 10 
0'" 
~ 5 
u.. 
8 
~6 
!I 4 
0'" 
~ 2 
u.. 
cells alone 
all cells 
o w ~ ~ ~ m ~ ro w ~ 
angle 
elongated cells 
0 10 20 30 40 50 60 70 80 90 
angle 
spread cells 
o w ~ ~ 40 w ~ ro w ~ 
angle 
Figure 4.6: Histograms of cell angle for cells on silk fibers. Orientation of cells on silk 
fibers (left column) and cells on PDMS films only (right column) illustrate the effects of 
silk fiber presence and orientation on cell behavior. 
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Figure 4.7: Average angles and relative occurrence of cell shape. Average angles fo r all 
cells, elongated cells and spread cells are shown along with the relative occurrence of 
elongated and spread cells for cells on silk fibers (left column) and cells on PDMS alone 
(right column). 
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Figure 4.8: Silk fibers incorporated into a cell sheet. (Day O) silk fibers prior to seeding. 
(Day 1-3) cells attached to surface and form a sheet into which the fibers are 
incorporated. Scale bar 50 IJ.m applies to all panels. 
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CHAPTER 5: AIM 3 
Validation of this microfluidic technique as a low-volume screening tool to investigate 
recombinant silk sequences 
5.1. Motivation. 
Advances in genetic engineering and recombinant silk technology have brought 
this class of synthetic proteins much attention. Regenerated silk from silkworm cocoons 
is well-suited for a variety of applications, but recombinant silk allows for tailored 
sequences and an additional level of control based on the hierarchical structure of silk 
assembly. Fabricating recombinant silks that are exact mimics of native silks is not 
straightforward, and expressing these materials at reasonable levels is near impossible. 
As a result, most recombinant silks are actually silk-like materials, with sequences that 
mimic the motifs found in native silks. 
Excluding the C-and N-termini of the sequence, silks are primarily composed of 
two types of motifs - hydrophilic glycine rich sequences that form helices and 
hydrophobic alanine rich sequences that form ~-sheets . Within the sequence of spider 
silks, these motifs alternate -100 times. The consensus amino acid repeats for major 
ampullate spidoins MaSp1 and MaSp2 have been identified as 
(GPGGYGPGQQ)2GPSGPGSAa and GGAGQGGYGGLGGQGAGRGGLGGQ(GA)2A5, 128 
respectively, with each repeat including a glycine reach section and a polyalanine 
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section. Alanine and glycine compose around 60% of the spider silk sequence.129 The 
Bombyx mori silk sequence is 5263 amino acids long {391 kDa) and is composed of 12 
crystalline domains and 11 spacer domains which are 43 residues long and almost 
identical. Within the crystalline domains, 94% of the sequence composed of (GX) 
repeats. Here, X is 65% alanine, 23% serine, and 9% tyrosine. Each crystalline domain is 
made up of sub-domains which mostly begin with repeats of GAGAGs and end with 
GAAS. The full B. mori heavy chain sequence is shown in figure 5.1. The common motifs 
for all silks are shown in figure 5.2 along with the secondary structures that they form. 
All silk-like recombinant peptides are composed of sequences that somehow mimic 
these motifs and their organization. 
Within the parameters of recombinant protein design, there is a wide array of 
potential sequences that can be made. For each sequence designed, the process of 
cloning and expressing the protein must be optimized, and some sequences cannot be 
expressed efficiently or easily in £. coli hosts. Expressing any new sequence is time 
consuming and expensive, so any information that can help narrow the field of potential 
sequences and predict which variants might be suitable for a specific application (i.e. for 
spinning into a fiber with microfluidics) would greatly facilitate the design process. 
Here we present our microfluidic spinning method as a low volume screening 
tool for recombinant silk-like sequences. With this system we only need a very small 
amount of starting material to attempt to spin a fiber, thus eliminating the need for the 
expression of bulk amounts of protein. We present this spinning approach as part of a 
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collaborative integrated experimental and theoretical approach, where in addition to 
designing and spinning silk mimics, our collaborators at the Buehler lab at M IT are 
developing models to accurately predict protein assembly and properties. Spinning 
attempts verify modeling predictions and experimental results from both aspects of this 
work inform future sequence design in a highly iterative manner. 
5.2. Materials and methods. 
5.2.1. Silk-/ike peptide design and fabrication. 
To begin this work, we started with a class of recombinant silk-like peptides that 
had previously been investigated under self-assembly conditions. The reported results30-
32'92 were helpful in deciding which sequences to begin with. 
Amphiphilic silk-like block copolymers were designed from two representative 
domains, the A domain consisting of a poly-alanine sequence responsible for the 
formation of rigid, crystalline ~-sheets130 due to intermolecular hydrogen bonding and 
hydrophobic interactions131 and the B domain consisting of soft segments of tripeptides 
of GGX repeats that adopt an alpha helix conformation, providing elasticity to the 
materials. Our collaborators at the Kaplan lab at Tufts previously reported the design, 
fabrication and self-assembly of a family of bioengineered spider silk-like block 
copolymers composed of different repeating units of A and B domains which exhibited 
different phase behavior in aqueous solution, 30' 31'92 Because of the hydrophilic and 
hydrophobic nature of the blocks, these materials tend to self-assemble to form 
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periodic nanostructures,92 indicating the wide range of material properties that can be 
obtained from a simple set of building blocks. Two genetic variants were chosen as a 
starting point: H(BA3) and H(AB3). These materials were chosen primarily because their 
equal block numbers and similar molecular weights but rather different sequences. This 
pair of sequences allowed us to investigate how altering primary protein sequence but 
not length affects assembly. The H block is a histidine tag that is required for the protein 
purification step. Full sequences can be found in figure 5.3. 
The construction, cloning, expression and purification of the spider silk-like block 
copolymers followed previously published procedures.30'31'92 The amino acid sequences 
of H(BA3) and H(AB3) were adapted from natural sequence of MaSp1 from Nephi/a 
Clavipes, comprising of block B (QGGYGGLGSQGSGRGGLGGQ) and block A 
(GAGAAAAAGGAG) resulting in a molecular mass of 10,068 and 11,967 Da, respectively. 
Briefly, the spider silk-like block copolymer genes were expressed in E. coli strain 
RY-3041, a mutant strain of E. coli BLR (DE3) defective in the expression of SlyD 
protein .132 Cells were grown at 3TC in LB medium to an OD 600 of 0.6 at which point 
protein expression was induced with 1 mM IPTG (isopropyl-0-thiogalactoside; Fisher 
Scientific, Hampton, NH). The cells were harvested 4 h after induction by centrifugation 
at 10,000 g (Sorvall, Fisher Scientific, Hampton, NH). Purification of the proteins was 
performed under denaturing conditions using Ni-NTA resin (Qiagen, Valencia, CA) using 
the manufacturer's protocol. 
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5.2.2. Silk-like peptide spinning. 
Details on spinning solutions, device design and fabrication, and spinning 
parameters can be found in chapter 3. Both H(AB3) and H(BA3) were dissolved in water 
at a concentration of 8% w/v for spinning. Fibers were fabricated at default flow rates of 
0.62 and 0.22 mm/s for PEO and silk, respectively. Fibers were not drawn. Fibers were 
collected, washed multiple times, and stored in water overnight prior to analysis. 
5.2.3. Fiber characterization. 
The recombinant fibers were characterized as described previously. Fibers were 
imaged by both brightfield microscopy and SEM. FTIR was used to investigate internal 
structure. Mechanical properties were investigated via uniaxial tensile testing when 
possible. 
5.3. Results and discussion. 
5.3.1. Silk-like peptide spinning. 
Initial attempts to spin pure H(AB3) and H(BA3) were not successful. We believed 
this was because of the short length of the peptides, so we mixed both solutions with 
RSF solution at 70 I 30 recombinant to regenerated silk, by weight. With these solutions, 
we were successful in fabricating material for both variants. 
Fiber imaging illustrated differences between the materials formed from the two 
copolymer types. Pure RSF and HAB3 copolymer blends formed fibers with consistent 
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diameters on the order of that of native silk fibers. H(BA3) copolymer blends, on the 
other hand, formed some fibrils but also a large amount of non-fibrillar solid material 
(this combination material will be referred to as non-fibrillar for simplicity). SEM images 
of the copolymer blend fibers illustrated these morphological differences (figure 5.4). 
H(AB3) blends were much easier to spin, had fewer issues with precipitation and other 
clogging occurrences, and the resulting fibers behaved similarly to pure RSF fibers in 
that they were robust and easy to handle and transfer from dry to wet states or from 
one solution to another. 
H(BA3) however was more difficult to spin, with the product containing many 
fiber segments or silk pieces or precipitate rather than a continuous fiber strand. 
Additionally, this material was markedly more difficult to manipulate or transfer. These 
spinning experiments demonstrate the differences between the two copolymer types 
due to sequence variation. 
5.3.2. Structural characterization. 
Deconvoluted FTIR spectra are shown in figure 5.5. From these results, the H(AB3) 
with RSF blend was found to be composed of 14.6% ~-sheets, whereas H(BA3 ) blended 
with RSF contained 29.9% ~-sheets. 
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5.3.3. Mechanical characterization. 
For these materials, increased ~-sheet content within the fibers and non-fibrillar 
materials does not correlate to either increased strength or extensibility. H(BA3) blend 
materials have little overall mechanical integrity and fall apart upon slight agitation. 
Mechanical testing via uniaxial loading to failure for H(AB3) blends was insightful, but 
yielded no quantitative data. These fibers, with diameters ranging from 5-10 ~m, were 
incredibly brittle (even when wet), and broke immediately upon any load appl ication 
without exhibiting any elongation. Thus force-extension plots (and resulting stress-
strain plots) were essentially flat lines without useful data for fiber modulus or strength. 
While the mechanisms of this failure are not fully understood, these results indicate that 
processing conditions greatly affect materials properties, and these conditions can be 
optimized (flow rates, pH, ion content, concentration) to produce beneficial differences 
in properties in future work. 
5.3.4. Correlation of observed spinning results with modeling approaches. 
Two different computational approaches were utilized to simulate sequence 
folding and secondary structure formation for these two silk-like block copolymers. This 
computational work was completed by our collaborators at the Buehler lab at MIT. 
5.3.4.a. Full atomistic model- replica exchange molecular dynamics. 
The first computational method developed by the Buehler lab was a full 
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atomistic approach that used replica exchange molecular dynamics to determine the 
most likely, lowest energy conformation for an array of protein strands. For each 
sequence, a 3 by 2 matrix of fully elongated peptides was investigated as shown in 
figure 5.6. The first step in this approach is to simulate annealing to escape local energy 
trapping of the initial aligned lattice structure of copolymer strands. Annealing in a 
vacuum allows for exploration of a larger computational space without temperature 
limitations that are imposed by solvents. At first, higher temperatures (up to 600K) are 
used for a fast conformational search and to overcome kinetic energy trapping, and 
then the system is cooled to 300K before equilibration. After this annealing in a vacuum, 
the intermediate structure is equilibrated with explicit water as the solvent to obtain a 
more realistic conformation and tertiary structure. 
A benefit of this type of approach is that every single atom is represented in a 
highly specific simulation of the peptide sequence. One disadvantage, however, is that 
longer sequences (like RSF) cannot feasibly be modeled because of the extent of 
computational time needed to these very large molecules. Another disadvantage is that 
the peptides begin in a fully extended state, which is not realistic when compared to 
actual processing. This starting configuration encourages alanine aggregation between 
strands and crystal formation, rather than folding of a strand upon itself which may 
occur experimentally. While the extended initial conformation may partially capture the 
elongational flow, this model does not account for processing parameters in the 
microfluidic channel. 
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Results from this approach to model folding of H(AB3) and H(BA3) suggested that 
H(BA3) would form many more, stable, ~-sheets than H(AB3), as can be deduced from 
the prevalence of poly-alanine runs in this structure. The model predicts that H(BA3) 
would remain extended during assembly. As a result of helical structure formation, the 
model predicts that H(AB3) would form an overall helical shape. 
5.3.4.b. Coarse grained approach to computational modeling of silk-like copolymer 
assembly. 
The second method developed by the Buehler lab to model peptide assembly 
was a coarse grained approach based on dissipative particle dynamics. In this model, 
particles in the polypeptide chain are connected by a worm-like chain potential and 
hydrogen bonds are modeled by a Lennard-Janes potential. Hydrogen bonding between 
hydrophobic peptides is taken into account by attractive interaction used to model the 
strong cross-links provided by ~-sheet crystals. With this approach, unlike the full atomic 
method, the model consists of beads that represent the characteristics of 3 amino acids 
in the primary sequence and water beads that represent 10 water molecules. In this way, 
a longer sequence can be modeled in a reasonable amount of time and hundreds of 
protein chains can be modeled. Additionally, this model includes beads composed of 
repeating sequence motifs designed to mimic the long RSF sequence in a shorter chain. 
This can be used to model scenarios where RSF that was added to spin the copolymers. 
A disadvantage of this approach is that some detail may be lost when approximating 
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sequence characteristics and assigning parameters to the model components. In 
addition to including the RSF mimic molecules, this method can more accurately include 
aspects of processing parameters in the simulation such as shear and protein 
concentration. 
Results of simulations for 70/30 by weight copolymer with an RSF mimic are 
shown in figure 5.7. These results demonstrate the poor connectivity within the network 
for both copolymer blends because the short copolymers do not contribute to 
connectivity, and this is responsible for the lack of overall mechanical integrity. While 
hydrophobic domains in silks are responsible for the formation of network connections, 
a large amount of these domains will negatively affect network quality and resulting 
mechanics. Additional results from this modeling approach illustrated an important fact 
- it is not only the presence of both hydrophilic and hydrophobic blocks that is required 
for fiber formation, but these blocks much alternate within the sequence, as is found in 
native silks. This further validates the importance of hydrophobic I hydrophilic 
transitions and intermediate structure formation as key features in the assembly and 
control of structure during spinning, as postulated by Jin et al.2 In addition to P-sheet 
content and organization, network connectivity plays a large role in overall mechanical 
integrity. 
5.4. Summary and conclusions. 
The main goal of this work was to combine controlled synthesis (genetically 
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programmedL tailorable processing (via controlled microfluidic flow focusing) and 
molecular modeling in a synergistic and cost-effective manner to enable the prediction 
of functional properties for materials, with specific spider silk-like designs as the target 
materials. Our objective was to understand the interplay between the primary sequence 
of building blocks, processing, and assembly in silico using modeling, to further 
understand relationships between sequence, structure and mechanical characteristics. 
Our initial modeling results predict that H{BA3) will be more predisposed to form 
13-sheet structures than H(AB3L and experimental evidence supports this prediction. 
Given the previously established correlation between 13 -sheet content and organization 
and overall mechanical properties of native silks, this prediction would suggest that 
H{BA3) would form better and stronger fibers. However, the observed results show that 
this variant is not well-suited to spinning in this device. The solution, even when mixed 
with regenerated silk, is viscous and difficult to control in flow. Issues such as channel 
clogging had a much higher prevalence in attempts to spin H(BA3) than its less 
crystalline counterpart. When "spinning" was achieved and a product could be collected 
from the device, the fibers that had formed were entangled in non-fibrillar materials, 
making it impossible to isolate fibers for characterization or use. We believe that the 
H(AB3) copolymer is more suited to this spinning process because of its primarily semi-
amorphous structure, which allows it to easily form associations with other protein 
strands of both copolymer and RSF leading to a continuous fiber that is likely structurally 
similar to RSF fibers. The H(BA3) copolymer on the other hand is rich in polyalanine 
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regions that are repetitive and tend to form ~ -sheet structures, and we believe that the 
copolymer strands are self-associating rather than forming the intermolecular structures 
that are necessary for fibers. 
Further modeling results validated these predictions, and also illustrated the 
need for (1) longer protein strands such as RSF to be present for network connectivity 
and fiber formation and (2} alternating hydrophobic and hydrophilic blocks are 
necessary for fiber formation. Together, the results from experimental spinning as well 
as modeling have informed the design of a next generation of sequences. Initially we 
planned to next spin H(A2B2), a middle ground between our first two sequences. 
However, given the results indicating the importance of alternating blocks, we have 
instead decided to focus on H(ABAB)- thus eliminating the time and expense of one full 
process of designing, expressing and spinning the H(A2B2) sequence based on modeling 
results. Additionally, we were planning to spin H(AB3h and H(BA3h to determine how 
the increase in length would affect spinning, but results from the coarse grained model 
suggest that at least ten repeats are necessary (i.e. H(AB3ho and H(BA3)10). The ability to 
attempt to process these materials from very small amounts of peptide, along with the 
success of the modeling approaches, has proven very useful for the first step in this 
iterative design process. 
Overall, we have presented a three-pronged approach to tailored materials 
design in which each aspect of the process (sequence control, processing and modeling) 
facilitates a further understanding of the materials and also feeds into the others 
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towards a more optimized or predictable materials outcome, in this case function. In 
this iterative process, results from experimental successes and failures, along with 
modeling predictions, inform future material design, and with the accumulation of 
evidence this process will focus on optimized materials in a novel manner. We plan on 
exploring our scope by synthesizing additional generations of variants with alternating 
blocks to further understand the relationships that govern how these silk-mimetic 
polymers assemble. 
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Figure 5.1: The full amino acid sequence for Bombyx mori silkworm heavy chain fibroin. 
The B. mori heavy chain is over 5000 amino acids long and is composed of highly 
repetitive domains and sub-domains. For each domain, the sequence location and 
length of the domain are shown in parentheses prior to the beginning of the sequence. 
Lower case letters represent repeating sequences as follows: s - GAGAGS (occurs 443 
times), y- GAGAGY (occurs 120 times), a- GAGAGA (occurs 27 times) and j..l- GAGYGA 
(occurs 39 times). Figure adapted from Zhou et al. 133 
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~"' 
Elastic 
~-turn spiral 
GPGXX 
GPGGX GPGQQ 
~ 
Crystalline 
~sheet 
Ala-rich 
(GA)n A" GGX 
Figure 5.2: Common amino acid motifs found in silk sequences and the secondary 
structures that they form. Most of the long protein chains of silk are composed of 
repetitive motifs, flanked by C- and N-termini. The organization of these motifs is highly 
related to silk secondary structure and is mimicked in the design of silk-like recombinant 
materials. Figure adapted from Hinman et al. 128 
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pET JOL adaptor sequen~e 
N~or N~•I Sp•X Bnd Xhor 
5' eoatgge.t.gat.ageggt.gaoot:gat:aaaa otagttaaao .3' 
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M ~ ~ S G D I. N N 1' S 2nd 'T R 
Silk sequence: hydrophobic block A 
Nhei Spe.I 
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Silk sequence: hydrophilic block B 
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Figure 5.3: Sequences for silk-like block copolymers H(AB3} and H{BA3). The sequences 
for each bu ilding block (A and B) are shown individually and the sequences fo r the 
assembled copolymers are shown with linkers and histidine tags. Figure adapt ed from 
Ra botyagova et al.30 
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Figure 5.4: Imaging of recombinant materials. SEM images of H(AB3) and H(BA3 ), both 
mixed with RSF, spun from microfluidic spinning, scale bars 20 1-1m. 
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Figure 5.5: Deconvoluted FTIR spectra for silk-like block copolymers. H(AB3) I RSF and 
H(BA3) I RSF blended materials. (a) blend of H(BA3) with RSF at 70130 wt%, nonfibrillar 
material. (b) blend of H(AB3)with RSF at 70130 wt%, fibrillar material. 
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3x2lattice 
Tempered 
(vacuum} 
Equilibrated 
(exp. water) 
AB3 
3x2lattice 
Tempered 
(vacuum) 
Equilibrated 
(exp. water) 
Figure 5.6: Replica exchange molecular dynamics approach to simulating silk-like block 
copolymer assembly. Top panel- H(BA3}; Bottom panel- H(AB3}. For each sequence, six 
identical, full length peptide strands were arranged in a 3 by 2 array, tempered in a 
vacuum, and equilibrated with explicit water to determine the most likely conformation . 
Length and secondary structure change can be seen during both tempering in vacuum 
and equilibration in explicit water. In the images, water is hidden for cla ri ty and alanine 
is colored blue. Simulations performed by t he Buehler lab at MIT. 
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RSF HBA3/RSF blend 
Figure 5.7: Coarse-grained model of silk-like block copolymer blends with RSF mimic. 
For RSF, blue and purple beads show repeating sequence motifs designed to mimic the 
long RSF sequence in a shorter chain. For copolymers, hydrophobic beads are red, 
hydrophilic green. Only hydrophilic beads that form peptide bridges are shown. There is 
poor network connectivity for both blend materials when compared to pure RSF 
solutions, likely due to both the sequences and the short length of the peptides. 
Simulations performed by the Buehler lab at MIT. 
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CHAPTER 6: PROJECT IMPACT AND FUTURE DIRECTIONS 
6.1. Project summary and impact 
The main goal of this work was to design and optimize a novel silk fiber 
fabrication technique that could be used for various applications. In addition to the 
focus of fabricating substrates for general tissue engineering applications, another goal 
was to further understand the assembly and interactions of regenerated and 
recombinant silks in order to inform future attempts to control and optimize protein 
assembly via sequence alterations or processing. The results of this work provide insight 
into silk assembly that can be utilized to help design tailored materials. 
In aim 1 we developed a microfluidic technique to fabricate regenerated silk 
fibroin fibers with tunable properties. The design of the microfluidic channel mimicked 
certain aspects of native silk spinning. Fibers were fabricated from aqueous regenerated 
silk fibroin (RSF) solution. These fibers were characterized via mechanical testing, 
Fourier-transform infrared spectroscopy and wide angle x-ray scattering to define 
relationships between the properties and processing parameters that can be utilized to 
make fibers with tailored properties for any application. 
In aim 2 we used this microfluidic approach to fabricate RSF fibers for tissue 
engineering applications. Fiber collection was optimized and semi-automated as part of 
this aim. We investigated the effects of silk fibers on cell alignment and orientation and 
demonstrated that microfluidically fabricated silk fibers are an excellent material choice 
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for bottom-up design of tissue architecture. We incorporated silk fibers into cell sheets 
and attached non-woven silk fiber meshes to cell sheets. In both cases, we 
demonstrated that silk fibers are well-incorporated and the result is a marked increase 
in mechanical integrity of the cell sheet. Both fiber-containing sheets and silk fiber 
meshes are two building blocks for the design of multi-layer cell sheet constructs as a 
highly applicable tissue engineering strategy. 
In our final aim, we validated the use of this microfluidic spinning technique as a 
low-volume screening tool for recombinant silk sequences as part of a combined 
experimental and theoretical approach. We utilized recombinant silk technology to 
investigate how changes in primary sequence or affected fiber structure and properties 
in a low-volume and inexpensive manner. We processed silk-like block copolymers 
designed to mimic native silk motifs. Results from experiments were used in conjunction 
with modeling predictions to design next generation sequences in an iterative manner 
towards optimizing sequence-structure-function relationships and furthering the overall 
understanding of silk folding and hierarchical organization. 
This microfluidic fluid focusing technique allows for the fabrication of silk fibers 
with predictable and controllable properties. Additionally, properties such as diameter 
and mechanics can be tuned independently with this method. Microfluidic approaches 
have been used to investigate the molecular transitions of silk fibroin during fiber 
formation/1' 100 but have focused primarily on investigating silk molecular assembly and 
not on developing a microfluidic fiber fabrication method. To our knowledge, this is the 
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first microfluidic technique to produce functional silk fibers. A significant advantage of 
this fabrication technique lies in its low volume requirements which allowed us to cut 
down tremendously on material fabrication. We have presented a complete fiber 
processing and characterization approach, along with examples of tissue engineering 
applications, that could easily be adapted for other biopolymers such as elastin or 
collagen and their recombinant counterparts. The insight gained from this work further 
elucidated the molecular mechanisms involved in silk processing which, despite the 
growing field of silk research, are still not well-understood . The knowledge gained will 
be applied to the widespread goal of attaining the unique properties of native silk via a 
highly controlled synthetic processing technique. 
6.2. Current challenges. 
6.2.1. Device reuse. 
A main part of the time spent preparing to spin any of the sequences we 
investigated was devoted to device fabrication. This multistep process includes aligning 
two patterned PDMS pieces face to face and subsequently attaching them via plasma 
surface treatment. If a device is even slightly misaligned during this treatment, it cannot 
be used. Devices can currently not be reused, and once a device clogs it must be 
disposed of and a new device must be started, requiring additional time to establish 
stable flow. One of the reasons a device cannot be reused is that any residual material 
would cause clogging or premature silk assembly. It would be a great advancement to 
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design a reusable device. Koester et al. used a similar channel to investigate collagen 
assembly.95 This channel was etched from a piece of metal and the top and bottom of 
the channel were provided freshly for each use in the form of tape. This approach 
worked well for this system, but has not been attempted with silk. A main difference 
between their design and ours is the tiered, multilayer channel design. This structure 
prevents the entire channel from being easily etched in a glass, plastic, or metal material 
as it is asymmetric. An alternative may be 3D printing which would allow for the correct 
pattern to be fabricated, but may not have the necessary resolution. Additionally, it is 
necessary for the channel (at the very least at the cross intersection and throughout the 
outlet) be transparent to allow for monitoring of flow throughout the spinning process. 
Transparent inlets are helpful in monitoring flow prior to the arrival of the silk at the 
intersection, but are not required . Any alternative device design that would allow for 
the channel to be cleaned or purged post-spinning would also cut down on device 
fabrication. 
6.2.2. Volume reduction and flow. 
One of the benefits of this system is the low volume requirements. However, at 
volumes less that 100 ~-tL, some issues arise not with flow in the device but with 
controlling flow rates in the syringe pump. Only 50 ~-tL of solution is needed to travel 
from the syringe through the channel into the reservoir. However, when the syringe is 
empty and the majority of the solution still has not traveled through the device, several 
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issues arise. Air can be loaded in to the syringe prior to loading the solution, so that the 
air will continue to travel through the tubing from the syringe. However, since air is 
compressible, the stable flow rates are not maintained beyond this point and the silk 
flow becomes very inconsistent. Attempts were made to utilize stopcocks and additional 
backing solutions to help force the full amount of the recombinant silk through the 
device. However, each addition of another piece of equipment to the set-up only 
increased the amount of solution required and did not help. It would be useful to 
consider an alternative syringe or pump set-up that might alleviate this issue. 
6.2.3. Silk fiber and cell sheet mechanical testing 
A large issue that arose in this work was manipulating and handling cell sheets 
with incorporated silk and silk mesh I cell sheet constructs for mechanical testing. From 
observations, it was clear that both of these constructs were mechanical intact after 
being removed from the PDMS substrates by pipetting media over the surface gently, 
and it was also evident that in both cases silk was integrated into or well-attached to the 
cell sheet. However the sheets folded up after removal and could not be extended or 
loaded onto the tissue stretcher once this had occurred. In previous cell sheet work in 
out lab/9 gelatin encapsulation has been used to support cell sheets in loading as well as 
prevent sheet folding. This method did not work, however, as the cell sheet was 
removed with the gelatin but interestingly the silk fibers were not. Poly(N-
isopropylacrylamide) (PNIPAAm) substrates are also used to grow cell sheets and may 
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be a solution to this issue. Grafting PNIPAAm onto the PDMS films prior to silk fiber 
collection would allow the incorporation of this thermo-responsive polymer into the set 
up. When the sheet is ready to be removed, the construct would be placed in the 20°C 
incubator and at this temperature, the polymer undergoes a dynamic response, and the 
cell sheet is released from the surface and can be moved with a gelatin stamp. With this 
stamp method, the interaction between the cell sheet and the gelatin is much weaker 
than with gelatin encapsulation since this method is not reliant on the gelatin to pull the 
sheet off the surface, only to keep it extended. Presumably, the silk fibers will release 
along with the cell sheet as they are not stuck to the PDMS and there is no force present 
pulling the sheet off of the fibers. However, this would require many additional steps in 
the preparation of the substrates and complicate the process of fabricating the cell 
sheets. 
6.3. Future work. 
6.3.1. Spinning next generation silk-like block copolymers. 
The next step in the recombinant sequence screening aspect of this work will be 
to spin the two next-generation sequences designed based on the experimental and 
computational results - H(ABAB} and H(AB3 }10. Since this part of the project was 
designed to be iterative, the results of this spinning (and future modeling results} can 
then be implemented to design another generation of sequences, and so on. We started 
with simple short sequences that had already been made but did not have a set of 
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optimal properties in mind. As this work progresses it would be ideal to choose an 
application and a set of desired properties to aim this design process towards. 
6.3.2. Spinning silk-elastin like polymers. 
Another type of recombinant material that has been well-characterized in self-
assembly is silk-elastin like polymers. These peptides are composed of silk like motifs as 
well as elastin like motifs, which add a dynamic characteristic to the material. The silk to 
elastin ratio can be varied and this will affect the self assembly of the materials into 
intermediate states prior to spinning. The elastin blocks undergo a reversible phase 
transition at a transition temperature (Tt) which is determined by the identity of the 
second amino acid in the pentapeptide repeat (figure 6.1). These materials are soluble 
in aqueous solutions below Tt and contract and self-assembly into aggregates above Tt. 
It would be very interesting to spin these materials and introduce a dynamic response to 
the fibers. Details of these sequences are shown in figure 6.1. 134 Preliminary spinning 
attempts indicate that SE8Y at its highest soluble concentration in water, at room 
temperature, did not spin, whereas S2E8Y did form solid material but the spinning 
parameters need to be optimized to form stable fibers. Additionally, spinning at a lower 
temperature may allow for higher concentrations to be spun. 
6.3.3. Multi-length silk-like peptides 
A group of varied length recombinant silk-like peptides were designed based on 
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native silk motifs33 as shown in figure 6.2. In these materials, the repeat block ("mer") 
contains both the glycine and alanine rich repeats. This "mer" is repeated between 16 
and 96 times to vary protein length without altering sequence. These materials could be 
used to investigate the effect of chain length and chain end defects on spinning and 
fiber properties. The largest of these materials is similar size to native silk and has been 
spun into a fiber with excellent properties. However, this processing required high 
concentrations and toxic polar solvents. 
Preliminary spinning attempts for these materials showed that at low 
concentrations (~5%) the 16- and 64-mer variants both spun well when mixed RSF. 
Fibers produced are shown in figure 6.3. We believe that the longer variants at higher 
concentrations (15% can be reached in water) should spin well using our microfluidic 
method. 
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6.4. Figures. 
SE8Y 
S2E8Y 
Name Repeat 
SE8Y 14 
S2E8Y 12 
Elastin block GXGVP 
has transition t emp* 
Silk block GAGAGS 
tends to fo rm P-sheets 
• t ransit ion tempdepends on which amino acid is in t he X posit ion 
Number of a.a Calculated MS identjfied Silk-Elastin 
Mw (kDa) Mw (kDa) ratio 
674 55.68 55.65 1:8 
654 53 .. 00 53.03 2:8 
Figure 6.1: Silk-elastin like protein polymer sequences. In this class of recombinant 
materials, the silk to elastin ratio can be varied to affect self assembly. Additionally, the 
identity of the amino acid (X) in the second position of the elastin pentapeptide will 
determine the temperature at which the dynamic transition occurs (Tt}. Figure adapted 
from Xia et al.134 
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p 
His· Tag S ·Tag Si lk protei n monorRer T7terminator 
(SGRGGLGGQGAGMAAAAAMGGAGQGGYGGLGSQGn n 
Sillk gene Si lk protein 
GC content(%) Mw (kDa) Gly content(%) 
32mer 69.5 100.7 43..4 
48mer 69.8 146.7 44.1 
64mer 70.0 192.8 44.5 
SOmer 70.1 238.8 44.7 
96mer 70.1 284.9 44.9 
Figure 6.2: Multi-length silk-like block copolymer sequences. Recombinant silk variants 
were designed to mimic native silk motifs. Each umer" of this sequence contains both 
the alanine rich and glycine rich motifs. The unit is repeated between 16 and 96 times to 
fabricate proteins with the same sequence but varying length. Figure adapted from Xia 
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16-mer 64-mer 
--
6.3: Preliminary results for spinning multi-length sequences. Preliminary spinning 
results suggest that these multi-length materials will spin well. Both 16- and 64-mer 
variants spun fibers when mixed with RSF. We believe that at higher concentrations 
these relatively long recombinant materials will spin without RSF dope. 
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